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Biopharmaceutical Characterization and Stability of Nabumetone–Cyclodextrins Complexes
Prepared by Grinding
Reprinted from: Pharmaceutics 2024, 16, 1493,
https://doi.org/10.3390/pharmaceutics16121493 . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

vi



About the Editors

Francisco José Ostos
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Antifungal Potential of Synthetic Peptides against
Cryptococcus neoformans: Mechanism of Action Studies
Reveal Synthetic Peptides Induce Membrane–Pore Formation,
DNA Degradation, and Apoptosis
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Abstract: Cryptococcus neoformans is a human-pathogenic yeast responsible for pneumonia and
meningitis, mainly in patients immunocompromised. Infections caused by C. neoformans are a global
health concern. Synthetic antimicrobial peptides (SAMPs) have emerged as alternative molecules
to cope with fungal infections, including C. neoformans. Here, eight SAMPs were tested regarding
their antifungal potential against C. neoformans and had their mechanisms of action elucidated by
fluorescence and scanning electron microscopies. Five SAMPs showed an inhibitory effect (MIC50)
on C. neoformans growth at low concentrations. Fluorescence microscope (FM) revealed that SAMPs
induced 6-kDa pores in the C. neoformans membrane. Inhibitory assays in the presence of ergosterol
revealed that some peptides lost their activity, suggesting interaction with it. Furthermore, FM
analysis revealed that SAMPs induced caspase 3/7-mediated apoptosis and DNA degradation in
C. neoformans cells. Scanning Electron Microscopy (SEM) analysis revealed that peptides induced
many morphological alterations such as cell membrane, wall damage, and loss of internal content on
C. neoformans cells. Our results strongly suggest synthetic peptides are potential alternative molecules
to control C. neoformans growth and treat the cryptococcal infection.

Keywords: synthetic antifungal peptides; Cryptococcus neoformans; cryptococcal meningitis; inhibition;
apoptosis induction

1. Introduction

Fungi cause various diseases, from mild superficial mycoses on the skin to severe inva-
sive lung infections. Fungal infections can cause more than 50% mortality, especially those
caused by fungi from genus Cryptococcus, Candida, Aspergillus, and Pneumocystis, among the
most lethal human pathogens [1–3]. The ability to treat those infections was revolutionary
to medicine. However, in the past 80 years, fungi have become resistant to most or even
all available antifungal agents. Thus, this creates an urgent need for new molecules to
overcome the resistance and develop novel treatments for fungal infectious diseases [2,4].

Pharmaceutics 2022, 14, 1678. https://doi.org/10.3390/pharmaceutics14081678 https://www.mdpi.com/journal/pharmaceutics1
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Among those human-pathogenic fungi, C. neoformans is a yeast responsible for pneu-
monia and meningitis. C. neoformans is mostly common in immunocompromised patients,
organ transplanted patients, those submitted to cancer chemotherapy, and HIV+ patients [5].
Cryptococcus strains have evolved virulence traits that make it a unique and highly resistant
fungal pathogen, such as a capsule, which protects against phagocytosis [6]. In addition,
the inappropriate use of antifungal agents accelerated the development of antifungal re-
sistance. The resistance of C. neoformans to echinocandins, the newest fungicidal drug
class, is a huge problem, leading public health systems worldwide without an option to
treat C. neoformans infections [7]. This has driven the need for new molecules to cope
with C. neoformans infection and develop new therapies [8–10]. Therefore, seeking and
developing new molecules effective against C. neoformans is imperative to produce a new
drug to treat cryptococcal infections. Several research groups worldwide have been seeking
new alternatives to overcome the threat imposed by C. neoformans [9,10].

Thus, searching for new compounds with different mechanisms than conventional drugs
to inhibit fungal growth is urgently required. Recently, two sequential studies showed the
potential of Ellagic acid (EA), a polyphenolic compound present in plants, which has presented
high activity against C. neoformans [9,10]. In the first study, the authors showed that mice
treated with EA presented a survival rate of 70% toward C. neoformans infection. In contrast,
mice treated with fluconazole had only 20% survival [9]. In the second study [10], it was
shown in silico and in vitro that EA interacts and inhibits the laccase from C. neoformans,
thus indicating that laccase is an excellent target to focus on the treatment of C. neoformans
infection. Antimicrobial peptides are also potential alternative molecules. For instance,
Mahindra et al. [11] reported many natural peptides that present activity against C. neoformans.
However, some natural peptides presented in the study were toxic to kidney cells, making
them inappropriate for further studies. The natural antimicrobial peptides presented several
problems to clinical application. Usually, the natural peptides are toxic to human cells, are
fairly susceptible to proteolysis, and have a high production cost [12].

In this scenario, synthetic antimicrobial peptides (SAMPs) are a potential alternative
to overcoming infections caused by C. neoformans. Compared to natural peptides, SAMPs
are rationally designed to enhance their antimicrobial activity and remove limitations of
natural peptides (e.g., toxicity) [12]. This makes SAMPs good candidates for new antifungal
drugs. For example, our research group has designed eight synthetic peptides that present
no toxicity to human erythrocytes, fibroblast, keratinocytes, and even zebrafish embryos,
in addition, to being resistant to proteolysis [12,13].

Therefore, it was hypothesized that synthetic antimicrobial peptides, which had no
toxicity as discussed before, have antifungal activity against C. neoformans by damaging cell
membranes, making the development of resistance hard. Based on that, here, these eight
are bioinspired from three antimicrobial plant proteins, Mo-CBP3 (SAMPs named Mo-CBP3-
PepI, Mo-CBP3-PepII, and Mo-CBP3-PepIII) from Moringa oleifera seeds [14]. Rc-2S-Alb
(SAMPs named RcAlb-PepI, RcAlb-PepII, and RcAlb-PepIII) [12] from Ricinus commu-
nis. Chitinase (SAMPs named PepGAT and PepKAA) [15] from Arabidopsis thaliana with
proven antifungal, antibacterial, antibiofilm, and antiviral activity against different human
pathogens [12,13] had their antifungal potential tested against C. neoformans. Of the eight,
five SAMPs presented great inhibitory activity against C. neoformans, and investigation
of the mechanism of action revealed those peptides targeted cell membrane and induced
C. neoformans apoptosis. The great importance of this work is that synthetic peptides,
which are not toxic, present activity against C. neoformans and can potentially be used in
developing new drugs to overcome C. neoformans resistance to drugs.

2. Materials and Methods

2.1. Fungal Strains, Chemicals, and Synthetic Peptides

Cryptococcus neoformans (ATCC 32045) was gently provided by the Department of
Pathology of the Federal University of Ceará (UFC), Fortaleza, Brazil. All the chemicals
used in the experiments were obtained from Sigma Aldrich (São Paulo, SP, Brazil).
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2.2. Peptide Synthesis

The synthetic peptides Mo-CBP3-PepI, Mo-CBP3-PepII, Mo-CBP3-PepIII, RcAlb-PepI,
RcAlb-PepII, RcAlb-PepIII, PepGAT, and PepKAA were chemically synthesized by the
company Chempeptide (Shanghai, China). The quality and purity (≥95%) were analyzed
by reverse-phase high-performance liquid chromatography (RP-HPLC, Jasco, Easton, MD,
USA) and mass spectrometry (Waltham, MA, USA).

2.3. The Minimum Inhibitory Concentration Assay

The minimum inhibitory concentration (MIC) assay was performed using a broth
microdilution test using 96-well plates [12]. The cells were grown on YPD agar for approxi-
mately 15 days, and subsequently, cryptococcal cells were resuspended in YPD medium
and standardized at 106 cells mL−1. In 96-well plates, 25 μL of YPD with cryptococcal
cells and 25 μL of each synthetic peptide at different concentrations (50 to 0.004 μg mL−1)
were added. The microplates were incubated for 24 h. Then, the absorbance was measured
at 600 nm using an automated microplate reader (Epoch, Biotek, Santa Clara, CA, USA).
The negative control for inhibition of C. neoformans was 5% DMSO. The positive control
for inhibition was made by two antifungal drugs, Nystatin (NYS, 1000 μg mL−1) and
Itraconazole (ITR, 1000 μg mL−1).

2.4. Mechanisms of Action Employed by Peptides
2.4.1. Ergosterol Interaction Assay

The interaction of peptides with ergosterol was evaluated following [16]. Cryptococcal
cells (106 cells mL−1) and ergosterol (0.02, 0.04, and 0.08 mg mL−1), Mo-CBP3-PepII, RcAlb-
PepII, RcAlb-PepIII, PepGAT and PepKAA (MIC50) and YPD medium (1:1:1:1 v/v) were
incubated in 96-well plates at 30 ◦C for 24 h. Next, fungal growth was measured at 620 nm
using an automated microplate reader. DMSO-NaCl and Nystatin were used as controls.

2.4.2. Cell Membrane Integrity Assay

To evaluate the pore formation induced by peptides on the C. neoformans membrane,
the methodology described by Dias et al. [12] was used. After the antifungal assay (un-
der the same conditions described above), the samples were washed with 0.15 M NaCl,
centrifuged (5000× g 5 min at 4 ◦C), and incubated with PI at 1 μM for 30 min at room tem-
perature in the dark. After that, the cells were analyzed under a fluorescence microscope
(Olympus System BX60, Olympus, Tokyo, Japan) with an excitation wavelength of 488 nm
and an emission wavelength of 525 nm. Fluorescent C. neoformans cells were counted using
ImageJ software using the Cell Counter plugin [17]. The same picture has the cells counted
in the bright and fluorescent field. The number of cells in the bright field was considered
100%. In the fluorescent field, cells that released fluorescent were called positive cells, and
those without fluorescence were called negative cells. The following equation reached the
% of positive cells: Number of positive cells × 100/number of cells in bright field. The
number of negative cells was calculated following the equation: number of cells in the
bright field—number of positive cells. Three different images were used to count cells.

Additionally, the methodology described by Dias et al. [12] was used to evaluate
the size of pores formed. The cells of C. neoformans were treated as above and incubated
with 10 μM of conjugated fluorescein isothiocyanate (FITC)-Dextran with 6 kDa (Sigma
Aldrich, São Paulo, SP, Brazil). After incubation for 30 min at 25 ◦C in the dark, the
cells were washed as above and observed under a fluorescence microscope (Olympus
System BX60) with an excitation wavelength of 490 nm and emission wavelength of 520 nm.
Fluorescent C. neoformans cells were counted using ImageJ software using the Cell Counter
plugin [17]. The same picture has the cells counted in the bright and fluorescent fields,
and the number of cells in the bright field was considered 100%. In the fluorescent field,
cells that released fluorescent were called positive cells, and those without fluorescence
were called negative cells. The following equation reached the % of positive cells: Number
of positive cells × 100/number of cells in bright field. The number of negative cells was
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calculated following the equation: number of cells in the bright field—number of positive
cells. Three different images were used to count cells.

2.4.3. DNA Degradation on C. neoformans Induced by Peptides

The kit DeadEnd™ Fluorometric TUNEL System (Promega, São Paulo, SP, Brazil)
followed the manufacturer’s instructions to evaluate the DNA degradation induced by
peptides. Fluorescent C. neoformans cells were counted using ImageJ software using the
Cell Counter plugin [17] described above in the cell membrane assay.

2.4.4. Caspase 3/7 Assay

The caspase activity was measured after cell incubation for 24 h, in the presence
and absence of synthetic peptides, according to the methodology described by Qorri and
Harless [18], with some modifications. The cells were treated as above and then incubated
using a 3 μL CellEvent® reagent (ThermoFisher, São Paulo, SP, Brazil) for 30 min in the
dark. Afterwards, cells were washed and centrifuged as mentioned above. Finally, the cells
were observed under a fluorescence microscope (Olympus System BX60) with an excitation
wavelength of 342 nm and an emission wavelength of 441 nm. Fluorescent C. neoformans
cells were counted using ImageJ software using the Cell Counter plugin [17]. The same
picture has the cells counted in the bright and fluorescent field. The number of cells in the
bright field was considered 100%. In the fluorescent field, cells that released fluorescent
were called positive cells, and those without fluorescence were called negative cells. The
following equation reached the % of positive cells: Number of positive cells × 100/number
of cells in bright field. The number of negative cells was calculated following the equation:
number of cells in the bright field—number of positive cells. Three different images were
used to count cells.

2.4.5. Scanning Electron Microscopy (SEM)

The cells of C. neoformans untreated and treated with peptides were prepared and ana-
lyzed by SEM following Staniszewska et al. [19], with some adaptions. After the antifungal
assay described previously in Section 2.3, cells were fixed with 1% (v/v) glutaraldehyde
in 0.15 M sodium phosphate buffer at pH 7.2 for 16 h. Next, the cells were washed with
sodium phosphate buffer at pH 7.2 and centrifuged (5000× g for 5 min at 4 ◦C) each
time. Then, samples were dehydrated with increased ethanol concentrations (30%, 50%,
70%, 100%, and 100% [v/v]) for 10 min each at 25 ◦C and centrifuged as above each time.
The final dehydration was performed with 50% (v/v) hexamethyldisilane (HDMS, Sigma,
St. Louis, MI, USA) diluted in ethanol for 10 min, centrifuged as above, and then dehy-
drated with 100% HDMS. The dried cells were placed into a cover glass and covered with
gold using a coating machine (Emitech-Q150TES, Quorum Technologies, Lewes, England)
coupled with positron-emission tomography (PET). SEM analysis ran in a scanning electron
microscope (Quanta 450 FEG, FEI, Waltham, MA, USA) with a magnification of 20,000×.

2.5. Statistical Analysis

All experiments were performed three times independently, and the values are expressed
as the mean ± standard error. GraphPad Prism 5.01 (GraphPad Software company, Santa
Clara, CA, USA) for Microsoft Windows was used to run the statistical analyses. All data
obtained in the assays were submitted to ANOVA, followed by the Tukey test (p < 0.05).

3. Results

3.1. Antifungal Activity

Five of eight peptides were tested in 12 serial dilutions to reach the Minimum In-
hibitory Concentration of peptides required to inhibit 50% of yeast growth (MIC50) (Table 1),
Mo-CBP3-PepII, RcAlb-PepII, RcAlb-PepIII, PepGAT, and PepKAA presented an MIC50,
respectively, of 25, 0.04, 0.04, 0.04, and 0.04 μg mL−1 (Table 1). Although Mo-CBP3-PepI,
Mo-CBP3-PepIII, and RcAlb-PepI inhibited C. neoformans growth, none of them reached
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50% of inhibition in all concentrations tested (Table 1). The peptides that reached the MIC50
were chosen to investigate the mechanism of action.

Table 1. Minimum inhibitory concentration (MIC) of synthetic against C. neoformans.

Peptides MIC50 (μg mL−1) against C. neoformans

Mo-CBP3-PepI a ND
Mo-CBP3-PepII 25
Mo-CBP3-PepIII ND

RcAlb-PepI ND
RcAlb-PepII 0.04
RcAlb-PepIII 0.04

PepGAT 0.04
PepKAA 0.04
Nystatin 250

Itraconazole 500
a ND means that MIC50 was not reached.

3.2. Ergosterol Interactions

We further investigated if peptides could interact with ergosterol in the membrane of
C. neoformans. To evaluate that, peptides at MIC50 concentration were assayed against
C. neoformans in the presence of ergosterol at concentrations of 20, 40, and 80 μg mL−1.
To some extent, all peptides had antifungal activity against C. neoformans affected by the
presence of ergosterol (Figure 1). For instance, Mo-CBP3-PepII and RcAlb-PepIII com-
pletely lost their activity against C. neoformans in the presence of ergosterol at 40 μg mL−1

(Figure 1A,C). In contrast, RcAlb-PepII lost activity in the presence of 80 μg mL−1 of
ergosterol (Figure 1B). PepGAT and PepKAA were the most affected by the presence of
ergosterol, losing the inhibitory activity in all tested concentrations (Figure 1D,E).

3.3. Membrane Pore Formation

The presence of pores on C. neoformans membranes was confirmed by propidium
iodide (PI) uptake assay. PI interacts with DNA releasing red fluorescence but cannot pass
through a healthy membrane. As expected, the healthy membrane of control C. neoformans
did not allow the passage of PI and had no red fluorescence (Figure 2). In contrast, the PI
uptake and red fluorescence showed that all peptides could induce pore formation on the
C. neoformans membrane (Figure 2).

Figure 1. Cont.
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Figure 1. The interaction of ergosterol and its role in the antifungal activity of synthetic peptides.
(A) Mo-CBP3-PepII, (B) RcAlb-PepII, (C) RcAlb-PepIII, (D) PepGAT, and (E) PepKAA DMSO-NaCl
was used as a negative control. Data are presented as mean ± standard deviation (SD). Using the
Tukey test, different letters represent the statistical difference (p < 0.05). The experiment was repeated
three times.

Figure 2. Fluorescence images showing membrane pore formation induced by Mo-CBP3-PepII, RcAlb-
PepII, RcAlb-PepIII, PepGAT, and PepKAA, respectively, at 25, 0.04, 0.04, 0.04, and 0.04 μg mL−1.
Detection of red fluorescence in the peptide-treated cells indicates that PI was internalized. In control
(DMSO-NaCl), the absence of PI fluorescence indicates the integrity of the cell membrane. Bars: 100 μm.

6
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PI assay only provides information about the pores on the membrane without any clue
about their size. An additional experiment using dextran with a size of 6 kDa conjugated
with FITC (Fluorescein isothiocyanate—green fluorescence, Figure 3) revealed all peptides
induced pore with a size of at least 6 kDa, which allows the movement of dextran by the
membrane of C. neoformans.

Figure 3. Fluorescence images showing membrane pore formation using fluorescein isothiocyanate
(FITC)-dextran (6 kDa) induced by Mo-CBP3-PepII, RcAlb-PepII, RcAlb-PepIII, PepGAT, and PepKAA,
respectively, at 25, 0.04, 0.04, 0.04, and 0.04 μg mL−1. C. neoformans cells were incubated with peptides
and DMSO-NaCl. Detection of green fluorescence indicates that cells internalized FITC-dextran. Bars:
100 μm.

3.4. DNA Degradation and Apoptosis in C. neoformans Cells Induced by Peptides

The C. neoformans cells treated with synthetics peptides at MIC50 concentration showed
yellow fluorescence, indicating DNA degradation and fragmentation induced by peptides.
The same was not observed in the control (Figure 4).

As peptides induced DNA degradation in C. neoformans, we reasoned that the peptides
could also induce apoptosis in C. neoformans cells. A Caspase-3/7 Green Detection kit
evaluated the activity of caspases. The activity of caspase-3/7, which suggests that the
cell is in apoptosis, was observed in all the cells treated with synthetics peptides (MIC50)
(Figure 5). The control, as expected, was not observed in fluorescence.

3.5. Counting Cells

The counting of PI-fluorescent cells (positive cells) using the ImageJ program [17]
revealed that 98% of cells treated with RcAlb-PepIII presented a PI-fluorescence (Figure 6A).
The evaluation of dextran-FITC-fluorescent cells using the ImageJ program revealed that
after treatment with PepGAT and PepKAA, 86 and 85% of cells presented dextran-FITC-
fluorescent (Figure 6B). The quantitative evaluation of TUNNEL-fluorescent cells revealed
no difference in TUNNEL-fluorescent cells. All peptides induced fluorescence in around
97% of cells presented TUNNEL-fluorescence, indicating DNA damage after treatment
(Figure 6C). The analysis on ImageJ program revealed Mo-CBP3-PepII was the most potent,
with 90% of treated cells releasing fluorescence, indicating apoptosis establishment. All
other peptides induced apoptosis to a different extent (Figure 6D).
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Figure 4. DNA fragmentation in C. neoformans cells induced by Mo-CBP3-PepII, RcAlbPepII, RcAlb-
PepIII, PepGAT, and PepKAA, respectively, at 25, 0.04, 0.04, 0.04, and 0.04 μg mL−1. The cells were
treated with peptides, and the control negative was DMSONaCl. Bars: 100 μm.

Figure 5. Apoptosis induction in C. neoformans cells by Mo-CBP3-PepII, RcAlb-PepII, RcAlb-PepIII,
PepGAT, and PepKAA, respectively, at 25, 0.04, 0.04, 0.04, and 0.04 μg mL−1. Green fluorescence
images show that treatment with the peptides (MIC50) activates caspases involved in programmed
cell death. Control: DMSO-NaCl. Bars: 100 μm.
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Figure 6. The number of fluorescent C. neoformans cells PI (A), Dextran-FITC (B), DNA fragmentation
(C), and apoptosis (D). The letters represent the mean ± standard deviation of three replicates.
Different lowercase letters indicate statically significant difference compared to DMSO-NaCl by
analysis of variance (p < 0.05). The concentration of peptides was 25, 0.04, 0.04, 0.04, and 0.04 μg mL−1,
respectively, for Mo-CBP3-PepII, RcAlb-PepII, RcAlb-PepIII, PepGAT, and PepKAA.

3.6. SEM Analysis of C. neoformans Cells Morphology

SEM analysis was performed to evaluate the possible damage to C. neoformans mor-
phology caused by synthetic peptides. SEM images revealed that control cells of C. ne-
oformans are healthy with a standard spherical shape with the absence of any damage
on a surface such as cracks and scars (Figure 7). In contrast, all peptides damaged
C. neoformans cells (Figure 7). The peptides-treated cells presented deformation in cell
morphology (Figure 7—white arrows), scars, cracks, broken cell wall, depression, distor-
tion (Figure 7—white arrowhead), and loss of internal content (Figure 7 red arrowhead).
The loss of internal content presented in SEM images confirmed the fluorescence assays
(Figures 2 and 3), showing damage to the membrane of C. neoformans.
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Figure 7. SEM images showing C. neoformans cells after treatment with Mo-CBP3-PepII, RcAlb-PepII,
RcAlb-PepIII, PepGAT, and PepKAA, respectively, at 25, 0.04, 0.04, 0.04, and 0.04 μg mL−1 Control:
DMSO-NaCl solution. White arrows show damage to cellular structure, and red arrows indicate
cytoplasmic leakage.

4. Discussion

C. neoformans is a highly problematic echinocandin-resistant yeast, affecting immuno-
compromised patients such as transplanted patients, those under cancer chemotherapy,
and HIV+. C. neoformans is responsible for a high number of fungal meningitis in immuno-
compromised patients and ∼15% of deaths in HIV+ patients each year [20,21]. In this
sense, rationally designed synthetic peptides present high activity without the associated
toxicity or susceptibility to proteolysis. In addition, the advances in chemical synthesis have
made synthetic peptides application affordable [22]. Recently, a synthetic peptide AW9-Ma
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showed an MIC50 against C. neoformans at a concentration of 64 μg mL−1 [23], which is
higher than all concentrations presented by the synthetic peptides (Table 1). However, the
same peptide presented toxicity to human cells. Our previous works showed the peptides
used here were not toxic to human erythrocytes (types A, B, and O), fibroblasts, and ker-
atinocytes. Experiments also showed that peptides were not toxic to embryos of zebrafish.
Additionally, our peptides prove to be resistant to proteolysis. Besides activity against C. ne-
oformans, peptides must be considered as potential molecules against C. neoformans [12–14].

The peptides Mo-CBP3-PepII, RcAlb-PepII, RcAlb-PepIII, PepGAT, and PepKAA, pre-
sented here, reached an MIC50 against C. neoformans at low concentrations in addition to
acting by multiple mechanisms of actions to damage C. neoformans cells. The minimum
inhibitory concentration of peptides that inhibited 50% of C. neoformans growth was de-
termined (Table 1). These concentrations defined for five peptides were used to study the
mechanism of action employed by peptides against C. neoformans. For example, we provide
an experiment showing that our peptides have their anti-cryptococcal activity affected
when the cultures were supplied with different concentrations of exogenous ergosterol (Fig-
ure 1). The activity reduction strongly indicates that these peptides have a higher affinity
for free-ergosterol than the ergosterol in the membrane of fungi. This result indicates that
in normal conditions, in the absence of free ergosterol, peptides can target the ergosterol in
the membrane of fungal cells.

The cell membrane is a complex system composed of many lipids, complete embed-
ded or anchored proteins, and sterol types that act as stabilizers. In fungal membranes,
ergosterol is the primary compound of sterols, making it the target of many antifungal
drugs. For example, itraconazole targets the enzyme lanosterol 14-α-demethylase involved
in ergosterol biosynthesis, blocking its production and leading to cell death [24].

We have shown that some of our peptides have an affinity for ergosterol. One of the
consequences of the interaction of the peptides with ergosterol is the destabilization of
the plasma membrane, often leading to pore formation. In literature, a work shows that
an anticandida protein, Mo-CBP2, exerts its activity by interacting with ergosterol [16].
Nevertheless, to the best of our knowledge, no study discussed the anti-cryptococcal
activity of synthetic peptides interacting with ergosterol. Mo-CBP3-PepII [14], RcAlb-PepII
and RcAlb-PepIII [12], PepGAT, and PepKAA [15] proved experimentally that they can
induce pore formation in other human pathogenic yeasts. This study was not different, as
revealed by the PI influx assay (Figure 2).

Plasma membrane remodeling upon external insults is metabolically expensive [15].
To target and induce pore formation in membranes is not new for synthetic peptides. For
instance, MSI-1, a synthetic cationic peptide, demonstrated membrane disruption by pore
formation, resulting from its interaction with the membrane [25]. The ability to form
pores in the membrane is not prevalent in all synthetic peptides. Still, it is an important
mechanism, as they compromise the development of fungal resistance since changes in
membrane composition can be dangerous for cellular life [15].

The PI uptake assay is a standard assay to show the membrane pore formation.
However, it only indicates the presence of a tiny pore on the membrane, which sometimes
does not necessarily result in cell death. To move forward on the damage to the membrane,
we provide an experiment that revealed all peptides induced pore formation of size, at
least 6 kDa (Figure 3). Different from the pore size that allows the movement of PI, a pore
6 kDa-sized on the membrane is a huge problem that cells have to deal with. A big pore
allows the movement of small molecules and other peptides and proteins. The question
arises: how do small synthetic peptides induce a pore of at least 6 kDa on C. neoformans
membranes? We have a hypothesis that could explain that.

We suggest the big pore formed by peptides on the membrane is due to self-association
ability once inserted into the membrane. Self-association is a vital characteristic of antimicro-
bial peptides and is responsible for the ability to induce pore formation [26]. With a big pore,
we reasoned that those peptides could be internalized by an energy-independent mecha-
nism and find a target in the cytoplasm. After reaching the cytoplasm, peptides could inter-
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fere in dozens of cellular pathways that drive cell death. For instance, Maurya et al. [27]
described two synthetic peptides, VS2 and VS3, which can induce pore formation on
C. albicans membranes and move through them, reaching the target on the cytoplasm.

In addition to membrane destabilization, the peptides were able to induce DNA frag-
mentation (Figure 4), followed by caspase-mediated programmed cell death (cmPCD)
(Figure 5). These results are consonant because caspase-3 is responsible for initiating apop-
tosis by inducing DNA fragmentation [28]. Caspase-3 starts apoptotic DNA fragmentation
by inactivating a protein called DNA fragmentation factor-45 (DFF45) and an inhibitor of
caspase-activated DNase (ICAD). This releases a caspase-3-activated DNase, which starts
DNA fragmentation.

We have four possible explanations for these sequential events involving DNA frag-
mentation and cmPCD. First, peptides interact with an unknown target outside the cell and
trigger signaling inside the cell leading to DNA fragmentation and cmPCD. Second, these
events were triggered by the damage caused by peptides on the cell membrane leading
to cytoplasmic stress, and thus DNA fragmentation and cmPCD. Third, peptides move
through the huge pore formed, and once inside the cell-induced, those events lead to cell
death. Fourth, considering all this is a dynamic process, it is possible to suggest that all
three explained above could happen simultaneously, giving no chance to C. neoformans
cells to survive.

The SEM analysis corroborates all those damages caused by peptides to C. neoformans
cells (Figure 6). Peptides-treated cells showed severe morphological alterations such as
the loss of intracellular content, broken cell wall, and depression-like cavities in the cell,
probably due to the pores caused by the interaction of the peptides in the membrane. Here,
it was shown that synthetic peptides have different targets in potential as candidates in
the treatment of fungal infections are fascinating, since the fungus would need to develop
different strategies to resist.

5. Conclusions

Our results revealed that five synthetic antimicrobial peptides are active against
C. neoformans at very low concentrations. Studies of mechanisms of action revealed those
peptides damage the membrane and cell wall of C. neoformans cells and induce DNA
fragmentation leading to apoptosis. These results revealed the peptides as alternative
molecules to treat cryptococcal infection, with multiple mechanisms of action supporting
anti-cryptococcal activity, making the development of resistance difficult. Based on the
mechanisms employed by the peptides, it is feasible to suggest that peptides also have the
potential to synergize drugs that are not effective anymore against C. neoformans.
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Abstract: Tissue regeneration is a prominent area of research, developing biomaterials aimed to
be tunable, mechanistic scaffolds that mimic the physiological environment of the tissue. These
biomaterials are projected to effectively possess similar chemical and biological properties, while
at the same time are required to be safely and quickly degradable in the body once the desired
restoration is achieved. Supramolecular systems composed of reversible, non-covalently connected,
self-assembly units that respond to biological stimuli and signal cells have efficiently been developed
as preferred biomaterials. Their biocompatibility and the ability to engineer the functionality have
led to promising results in regenerative therapy. This review was intended to illuminate those
who wish to envisage the niche translational research in regenerative therapy by summarizing the
various explored types, chemistry, mechanisms, stimuli receptivity, and other advancements of
supramolecular systems.

Keywords: supramolecular; self-assembling; non-covalent interactions; hydrogels; nanofibers; drug
delivery; gene delivery; tissue regeneration

1. Introduction

Tissue regeneration has been an area of prominent research in the twenty-first century
that emphasizes the regeneration of human cells, tissues, or whole organs for reestablishing
structural and physiological functions [1]. The targeted physiological areas of this interdis-
ciplinary research field are widespread, including dermal, cardiovascular, musculoskeletal,
gastrointestinal, and nervous systems, and most of the medications being developed are
cell and gene therapy-based medications [2]. In most scenarios such as injuries where
regenerative strategies are followed, the extracellular matrix is either partly or completely
lost [3]. The extracellular matrix (ECM), which is a three-dimensionally arranged interwo-
ven network of fibers derived from the proteins, proteoglycans and glycosaminoglycans act
as structural supports and as media for the transfer of oxygen and nutrients [4]. This ECM
is highly dynamic and undergoes remodeling and serves the purpose of being a tissue-
specific substrate that allows cell attachment, migration, and proliferation. In the cases of
injuries or pathological conditions, the ECM acts as a base for the signaling molecules such
as growth factors and morphogens, thereby creating a microenvironment for the cells to
differentiate and function [5].

In conditions where ECM is lost, the design and manufacturing of a similar mechanistic
scaffold that can simulate the biological environment of the damaged tissues is a major
challenge. The biomimetic scaffolds should be able to either reproduce the ECM or be able
to substitute it by providing the required physical support that is usually provided by the
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various proteins for the cells and the signaling molecules to regenerate or repair the part of
the tissue. The scaffolds should also be capable of supporting the normal functioning of
the targeted tissue and improve the quality of life for the patients.

Biomolecules such as proteins, receptors, enzymes, and many small molecules have
often been observed to self-assemble themselves, and to form supramolecular complexes
that allow them to regulate a variety of biological functions [6]. This phenomenon of
self-assembly backed up by non-covalent intermolecular forces is attributed to Supramolec-
ular chemistry coined by Jean-Marie Lehn, who received the Nobel prize in 1987 with
Donald J. Cram and Charles J. Pedersenn for their contribution to the field. He defined
it as the “chemistry beyond the molecule”, where molecules are held together by non-
covalent interactions such as hydrogen bonds, van der Waals forces, and ion or dipole
interactions [7].

Attributed to this non-covalent chemistry, many supramolecular bio-functional materi-
als have been developed in the past three decades for regenerative medicine. These materi-
als, while acting as a mechanistic scaffold, are aimed to deliver therapeutic molecules/genes
and at the same time try to mimic the functional properties of the tissue. These bio-
functional materials have proven advantages of safety, response to external stimuli, re-
versibility, biomimicry, and many other benefits in in vitro and in vivo conditions [8].
Researchers have reviewed both the scaffold and scaffold-free approaches that mimic the
biological processes for regenerative medicine taking in account of the spatiotemporal data
that occur in in vitro organogenesis and in vivo conditions [9,10]. With this due diligence,
the researchers have instituted confidence in this platform and are working towards making
technological advances and bringing these systems closer to the patients [11]. This article
uniquely reviewed the supramolecular systems that have been applied for tissue regener-
ation with their types based on origin, fundamentals of mechanism, technical aspects of
synthesis and characterization, and innovations to improve clinical applicability.

2. Types of Supramolecular Systems Used for Tissue Regeneration

There has been a plethora of work carried out on supramolecular systems owing to
their tunability and adaptability for regenerative medicine. For the sake of simplicity, we
classified the systems into two groups based on their origin: bio-macromolecule-based and
synthetic-based systems, as shown in Figure 1. In addition to these systems, there are also
supramolecular systems derived from the natural biomaterials.

2.1. Bio-Macromolecule-Based Systems

This category of supramolecular systems uses the advantage of natural biomimicry
offered by the materials as they are also inherently synthesized and circulated amongst the
cells and tissues. Based on the type of macromolecules used, it can be further classified
into lipids, peptides, and nucleic acid-based systems, as illustrated in Figure 2.

2.1.1. Lipid-Based Systems

Glycerides and fatty acids are the structural units of the lipids and usually do not form
self-assembling structures until the former ones are in an aqueous environment, but the
lipids, due to their significant hydrophobicity, tend to form supramolecular systems much
more easily. The lipids can be modified to form supramolecular delivery systems such
as nanoparticles [12], micelles [13], liposomes [14], hydrogels [15], and dendrimers [16].
Lipids, in combination with other bio-macromolecules such as nucleic acids [17] and
proteins [12], tend to act as a scaffold in the place of the lost tissue in the regenerative
medicine domain. These supramolecular-based systems are used majorly for the delivery
of drugs and genetic material to the targeted tissues.
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Figure 1. Types of supramolecular systems used for tissue regeneration (created with Biorender.com
[accessed on 30 June 2022]).

Figure 2. Biomacromolecule based self-assembly structures (created with Biorender.com [accessed
on 30 June 2022]).

Henrich et al. reported the synthesis of soft-core nanoparticles with a diameter of
about 10 nm that are similar in size, shape, composition, protein structure and surface
chemistry to human High-Density Lipoproteins (HDL). These self-assembled phospholipid
particles can carry out most of the HDL functions such as those of the cholesterol efflux
from macrophages, cholesterol delivery to hepatocytes, lecithin: cholesterol acyltransferase
activity support, and inflammation suppression. These synthetic HDLs have immense
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potential to function as therapeutic agents [12]. Additionally, utilization of biologically
active monoglycerides such as glycerol monolaurate (GML) or its ether derivative 1-O-
dodecyl- rac -glycerol (DDG) to form supramolecular assemblies producing nano micelles
was reported by Yoon et al. These micelles can modulate the membrane interactions with
cell-membrane-mimicking giant unilamellar vesicles that can assist in nanomedicine [13].

Liposomes are self-assembled phospholipid membranes that can deliver therapeu-
tically active compounds which could be drug molecules, cells, growth factors, genetic
material, and others. Tremendous research involving liposomes has been documented in
the last three decades and a lot of modifications have been made to the structure of the
liposomes to regulate the release of the therapeutic materials. Hu et al. in their research
work on the poly(lactic-co-glycolic acid)-liposomes delivered both microRNA 145 and the
platelet-derived growth factor, which helped in the cell differentiation of the mesenchy-
mal stromal cells into vascular smooth muscle cells. Though the mesenchymal stromal
cells have differentiation ability, the efficiency of differentiation is low. However, the
research team could translate these results in the in vivo skin wound healing models us-
ing male Sprague–Dawley rats, providing new insights into utilizing the liposomes as
a multi-delivery system [18].

Liposomes also have been integrated onto biomaterial scaffolds to release drug or ge-
netic material load to be dually efficient as a mechanical support and to achieve the desired
therapeutic effect. Lee et al. demonstrated the use of liposomes loaded with smoothened
agonists for the Hedgehog signaling pathway responsible for endochondral bone healing.
These liposomes are then adhered to using biocompatible polydopamine adhesive onto the
trabecular bone mimetic apatite-coated scaffolds. The in vitro experiments in the mouse
bone marrow stem cells and the in vivo experiments using the parietal bone defect model
have suggested successful cell adhesion and cell proliferation [19]. Another similar example
is from the research by Mohammadi et al., where the team achieved a sustained release
of the BMP-2 peptide over 21 days from the liposomes attached to the poly L-lactic acid
nanofibers coated with hydroxyapatite nanoparticles. The in vitro studies have confirmed
the cell proliferation and cell differentiation of the mesenchymal stem cells. The in vivo
osteoinduction efficiency was evaluated by the subcutaneous implantation of the scaffolds
in the in vitro rat models, which revealed primary ossification with the liposomes [20].

2.1.2. Peptide-Based Systems

Peptides are unique biomolecules placed between the small molecules (<500 Da)
which could be easily developed, and the large molecules (>5000 Da) can be specific
and potent at the same time [21]. Tissue regeneration, in a sense, necessitates the use
of two complementary vital elements. The first element is a physiologically compatible
scaffold that could be easily absorbed by the body without causing injury, and the second
is appropriate cells, such as stem cells and primary cells, which can successfully replace
damaged tissues without causing harm. It would be beneficial for tissue healing if suitable
biological scaffolding could be used to drive cell differentiation. Many scaffold-forming
self-assembling peptides have been examined for this purpose, with peptide amphiphiles
being one of the most well-studied groups [22].

Self-assembling peptide amphiphiles consist of these hydrophilic and hydrophobic
moieties that tend to form secondary structural motifs such as β-sheets and α-helices [23].
These secondary structures are backed by hydrogen bonding and van der Waals forces and
the electrostatic associations assemble to form 1 D nanostructures. When the amphiphilic
structures are placed in water, the hydrophobicity of aliphatic chains triggers the formation
of lower surface area and high-aspect-ratio 3 D structures such as nanofibers. Peptide
nanofibers have been researched and been employed for the regeneration of every tissue
in the body, owing to their promising results in mimicking the complex organization of
tissues [24]. One such application was studied by Mansukhani et al., who investigated the
use of peptide amphiphile nanofibers containing the apolipoprotein A1 (Apo A1)-derived
targeting peptide 4F as nanocarriers for Liver X receptor (LXR) delivery (ApoA1-LXR PA)
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in vivo and showed that supramolecular nanostructures can be used as safe and effective
drug nanocarriers in the treatment of atherosclerosis [25].

The supramolecular behavior of the peptides has also been advantageous in designing
the nanocarrier systems in the form of dendritic structures which can engulf the drug
or genetic material and deliver it to selective tissue. Li et al. used the self-assembly of
poly(L-lysine) dendrimers to form pH-responsive capsid-like nanocarriers which could
enhance the penetration and accumulation of doxorubicin in multicellular tumor spheroids
mimicking solid tumor tissues [26].

Any biomaterial that is being developed for tissue regeneration should be physically
and chemically equivalent to that of the extracellular matrix of the tissue [27]. Peptides,
peptide conjugates, and peptide aggregates, due to their supramolecular capability, better
biocompatibility, and biodegradability than the synthetic supramolecular systems, are
the preferred scaffolds by researchers [28]. They are preferred over polymeric scaffolds
due to the ability of angiogenic sprouting and vascularization. This was extensively
studied by Siddiqui et al. in their research article, where microporous polymeric scaffolds
and viscoelastic nano porous peptide hydrogels were used to create two-component scaf-
folds. The implant vascularization and cellular infiltration were measured by the bioactive
moieties in the primary sequences of the peptide monomers, hence showing the utility
of soft supramolecular peptide hydrogels for designing multi-component regenerative
scaffolds [29].

Amino acids such as tyrosine and phenylalanine form hydrogels readily through π–π
interactions and are being majorly used for external stimuli-triggered delivery systems.
Just like the naturally occurring amino acids, there are synthetic amino acids that form
small molecular hydrogels such as diphenylalanine which undergo the π–π stacking of
amino acids to form the hydrogels. The utilization of self-assembling peptides to form
such hydrogels through non-covalent interactions helps in delivering biologics such as
antibodies, growth factors, genes etc. [30]. Abraham et al. showed, in their research
article, the improved versions of the Phenylalanine-derived gelators that are protected
by Fluorenyl methoxycarbonyl (Fmoc) form some of the most stable hydrogels from the
low molecular weight gelators [31]. Synthetic amino acids such as diphenylalanine also
have been used in combination with some cyclic macromolecules such as β-cyclodextrin
to form supramolecular nanospheres that can be reversibly assembled and disassembled
into nanofibers. Zhang et al. used ferrocene-modified diphenylalanine that can reversibly
assemble and dissemble by the chemical redox reactions of ferrocene groups, therefore
demonstrating a redox-sensitive peptide supramolecular system [32].

2.1.3. Nucleic Acid Subunit-Based Systems

The building blocks of the nucleic acids such as nucleosides and nucleotides have
recently been widely explored as diagnostics, tissue scaffolding, and targeted drug release
systems due to their capability of self-assembly. All the nucleosides and nucleotides contain
the nucleobases and ribose or a deoxy ribose sugar molecule. Nucleosides are differentiated
from the nucleotides by consisting of phosphate groups in addition to the nucleobases
and the ribose sugar molecule. The nucleobases are nitrogen-containing heterocyclic
compounds which can be purines (Adenine {A} and Guanine {G}) and pyrimidines (Uracil
{U}, Thymine {T}, and Cytosine {C}). Due to their aromatic nature, these nucleobases
naturally exhibit π–π stacking and, additionally, there are hydrogen bond acceptors and
donors in both types of nucleobases favoring hydrogen bonding. These non-covalent
interactions, called Watson–Crick base pairing and Hoogsteen base pairing, help to form
the supramolecular systems. These nucleobases are attached to a ribose sugar molecule via
glycosidic linkages which are further connected to a phosphoryl group constituting the
nucleic acids DNA and RNA. The phosphoryl group bears an anionic charge which further
strengthens the supramolecular system by electrostatic interactions [33].

The nucleic acid subunit-based systems tend to form gels when supramolecular as-
sembly is induced. The induction process typically takes place in the presence of lipophilic
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groups which increase the hydrophobicity appending the self-association. Among these
types, guanosine and its derivative-based organogels have been much focused on lately.
Zhao et al. have carried out immense research on the supramolecular nucleoside-based
hydrogels and reported on the applications in drug delivery, regenerative medicine,
and theranostic devices. Zhao et al. used Isoguanosine and its derivatives such as the
2′-deoxyribonucleoside and the 2′-deoxy-2′-fluoro ribonucleoside to form hydrogels in
alkali metal salt solutions, which had excellent long-term stability with good loading
efficiencies for small molecules [34]. Their recent article mentioned the dual functional
supramolecular hydrogel made from Isoguanosine-borate-guanosine prepared by a one-pot
procedure that can be used for small molecule delivery [35]. Other derivatives of adenine
and cytosine have also been employed, but little literature is available on the application
for regenerative medicine [36]. Cheng et al. invented self-assembling physically cross-
linked supramolecular polymers composed of cytosine, poly(ethylene glycol) (PEG), and
hydrophobic poly(epichlorohydrin). They observed that the cytosine functionalized sub-
strates improved wound healing by promoting quick cell migration into the injured cellular
surface [37].

2.2. Synthetic Supramolecular Systems

These groups of synthetically produced macromolecules that are being used for tissue
regeneration mostly include block copolymers, dendritic polymers, or cyclic oligomers.
The subtypes are diagrammatically represented in Figure 3. Block copolymers that are
usually used for regenerative medicine comprise diblock, triblock, and other multiblock
copolymers, whereas cyclic oligomers comprise cyclodextrins, calixarenes, and cucur-
bit(8)urils. Then there are dendritic polymers, which are mostly classified by the type of
subunits that comprise them. The synthetic supramolecular systems have flexibility over
biomacromolecule-based systems for being able to be manufactured as required by the
tissue to be mimicked.

Figure 3. Sub-types of synthetic macromolecule-based supramolecular systems and their self-
assembly structures (created with Biorender.com [accessed on 30 June 2022]).

2.2.1. Block Copolymers

Block copolymers, as the name suggests, consist of a linear arrangement of blocks
of two or more polymers connected end-to-end. Based on their sequential arrangement
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of blocks, they can vary from the di-block (A-B) consisting of two blocks, to tri-block
(A-B-C or A-B-A) consisting of three blocks, to multi-block (A-B)n consisting of multiple
blocks. The synthesis of these block copolymers is performed by polymerization techniques
utilizing ions, free radicals, and metal catalysts. The polymers are then electro spun into
nanofibers or are employed in techniques such as bio-printing to form tissue scaffolds. The
block copolymers majorly act as substitutes for the natural scaffold, possessing most of
the necessary characteristics such as porosity for cell attachment, angiogenesis, nutrients
transfer, biodegradability, and biocompatibility [38].

Rico et al. listed the utility of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide) tri-block copolymers for gene delivery in human regenerative medicine. They re-
viewed the formation of micellae and hydrogels, their applications, and their limitations [39].
Other ABA tri-block copolymers such as poly(propylene fumarate)-polyethylene glycol-
poly(propylene fumarate) have been used for three-dimensional (3D) printing of amphiphilic
hydrogels with demonstrated mechanical stability and tolerance for degradation [40].

These amphiphilic block copolymers can also be made stimuli-responsive to phys-
iological conditions, making them more functional for tissue regeneration. Lee et al.
synthesized poly(ε-caprolactone) block copolymers and proposed them as a model for
drug and gene delivery with demonstrated thermo-responsive phase transition and in vitro
biodegradability [41]. Biodegradable amphiphilic poly (ethylene glycol) (PEG)-based ether-
anhydride terpolymer was synthesized to form different-shaped self-assembling micelles
and they were assessed for cellular internalization rate. Through this research, Yang et al.
found that comb-shaped micelles had a high blood circulation rate, thereby acting as
a suitable drug carrier system for regenerative medicine [42].

2.2.2. Dendritic Polymers

Dendrimers are a class of synthetic polymers that have evolved over the past two
decades. The term is derived from Greek, which means Dendra—tree and meros—part of
which suggests the architecture of these polymeric macromolecules that resemble a tree.
As in a tree, several branching units originate from a multi-functional core unit and end
with a capping unit. These repetitive branching monomer units of the synthetic macro-
molecules from the core are organized into layers called generations. These systems can
be surface modified for many applications including reducing the cytotoxicity, clearance,
and increasing biodistribution. Among the wide variety of dendrimers being researched,
glycodendrimers and peptide dendrimers are found to be more predominant. The glyco-
dendrimers are derived from the repetitive carbohydrate units and the peptide dendrimers
have a peptidyl core with functional branching units. In contrast with the polymers acting
as a natural scaffold, they act as efficient delivery systems for small molecules, proteins,
and genetic material [43]. To form the scaffold, they use non-covalent interactions such as
hydrogen bonds, van der Waals forces, and electrostatic interactions in addition to covalent
bonds [44].

Bai et al. reported a self-reinforcing hydrogel for bone repair by utilizing non-
covalent interactions between β-cyclodextrin-graft-poly(N-isopropyl acrylamide) as host
and adamantane decorated generation 2.5 poly(amidoamine)s dendrimer as guest poly-
mer. Furfuryl amine grafted chondroitin sulfate (ChS-F) and maleimido-terminated
poly(ethylene glycol) (PEG2K–AMI) were then chemically cross-linked to the hydrogel
to obtain a scaffold with high water content and mechanical strength [45]. Dendrimer
nanoparticles made up of carboxymethyl chitosan/poly(amidoamine) were used to observe
the cell internalization in neurons, astrocytes, oligodendrocytes, and microglial cells using
fluorescent probes. These systems can be further used for the delivery of drugs to the
damaged parts of the central nervous system [46].

The delivery of genetic material by dendritic systems has also been a widely re-
searched topic. Bi et al. proposed hydrogels made up of poly(amidoamine) (PAMAM),
hyaluronic acid (HA) and arginyl glycyl aspartic acid (RGD) peptide with reliable results
in cell viability, proliferation, and attachment demonstrated in vitro in the bone marrow
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stem cells [47]. Zhu et al. used dendrimers for the delivery of a single plasmid construct
carrying Yamanaka factors that can generate pluripotent stem cells from mouse embryonic
fibroblasts [48]. Other plasmid DNA was shown to be delivered efficiently with functional-
ized generation 5 (G5) dendrimers of PAMAM with hydrophobic chains that have reduced
cell cytotoxicity in mesenchymal stem cells (MSC) [49].

Researchers have also come up with new strategies such as the layer-by-layer (LbL)
technique for the supramolecular dendrimers that can be used for the inclusion and modu-
lation of the release of pharmaceutical compounds or various bioactive substances [50].

2.2.3. Cyclic Oligomers

Cyclic oligomers are the class of synthetic self-assembly systems that consist of cyclic
polymers that use non-covalent interactions to form container-shaped structures. These
structures are also called cavitands and allow them to act as hosts for many guest molecules
including small and macromolecules. The most widely used supramolecular cyclic oligomers
for regenerative medicine are cyclodextrins, calixarenes, and cucurbiturils [51].

Cyclodextrins (CD) are a group of oligosaccharides arranged cyclically to have
a hydrophobic cavity and a hydrophilic external face. They are formed by the enzymatic
conversion of starch and are named α, β, and γ cyclodextrins constituting 6,7 and 8 glucose
subunits linked by α-1,4-linkages respectively [52]. Cyclodextrin use in regenerative
medicine has been an extensively researched topic with a wide range of applications ranging
from serving as scaffolds for cartilage, bone, and other tissues to vehicle/vectors for genes
and drugs. For regeneration of cartilaginous tissues and wound healing, a combination of
CD (especially β-CD) with hyaluronic acid (HA) has been widely investigated. For example,
Zhao et al. studied the photo-responsive reversible supramolecular interactions between
the azobenzene and these complexes cyclodextrin-bearing hyaluronic acid host polymer
(HA-CD) for wound healing [53]. Zhang et al. prepared the biocompatible supramolecular
polymeric nanofibers that comprise a network of the HA-CD and magnetic field facilitated
self-assembly of magnetic nanoparticles made up of adamantane and actin-binding peptide.
These nanofibers are capable of cellular internalization and polarizing mammalian cells in
the presence of external magnetic field [54]. CD can also play the role of stabilizers in the
supramolecular systems as demonstrated by Milcovich et al., who used β-CD as a stabilizer
for unilamellar catanionic vesicles, which could deliver bioactive molecules [55].

Some researchers have used the host–guest chemistry of these macromolecules co-
polymerized with derivatives of adamantane and acrylamide and molded into functional
3D constructs to deliver therapeutic cells (MSC), growth factors (TGF-β1), and other
molecules that can help in the regeneration of damaged tissues [56,57]. By incorpora-
tion of cationic groups such as ethanolamine functionalized poly(glycidyl methacrylate)
to the cyclodextrin host modules, they can also be used as gene vectors as reported by
Zhang et al. with good transfection results [58]. Cyclodextrins have also been proven as
a delivery system for small molecules such as dexamethasone for regeneration of cartilagi-
nous tissues [59], resveratrol for preventing osteoporosis in postmenopausal women [60],
simvastatin to improve water solubility, and osteo differentiation efficiency in bone regen-
erative therapy [61].

Cucurbit(n)urils (CB[n]) are also a group of “n” number of repetitive macrocyclic
glycoluril molecules linked by methylene groups, which possess a hydrophobic cavity
such as that of cyclodextrins formed by the carbonyl groups. The number of molecules
determines the dimensions of the cavities of these host molecules, where a single guest
molecule would require CB(5–7) whereas CB(>8) would be required to host more than
2 guest molecules [62]. As cyclodextrins, cucurbiturils are mostly employed as delivery
systems for small and large molecules to the damaged tissues.

Calix(n)arenes are another type of cavitand molecule that form hydrophobic cavities
and are named due to their cyclical structural arrangement similar to the form of a Greek
Calix-krater vessel [63]. These supramolecular hosts are very flexible with easily modifiable
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and controllable conformations. Due to this reason, they can be tuned into scaffolds and
used as delivery and diagnostic agents.

2.3. Natural Biomaterials
2.3.1. Collagen

Collagen is one of the most used biomaterials due to its biocompatibility and being
one of the most abundant proteins in the extracellular matrix. Collagen is present in
large quantities in bones, skin, tendon, blood vessels, intestine, and cornea. Therefore,
it can be used to fabricate diverse types of tissues. The collagen can be either used as
the decellularized extracellular matrix or can be used in several types of regenerated
collagen biomaterials in the form of hydrogels, scaffolds, or microspheres [64]. Due to its
abundance in the bone matrix, collagen is mostly used for cartilaginous tissue and bone
regeneration [65,66].

2.3.2. Alginate

Alginate, being a water-soluble polysaccharide, readily forms hydrogels that are
biocompatible and biodegradable in the physiological medium. The hydrogels could be
formed from the alginate in the presence of bivalent and trivalent cations forming a 3D
structure that can carry substantial amounts of water. These hydrogels can carry small
molecules, cells, and other delivery systems such as nanoparticles [67]. Martine et al.
reviewed the combinations and strategies to make the alginate composites that could
promote corneal regeneration [68]. Zhai et al. reported the co-assembled supramolecular
structures made up of cell adhesive peptide and the alginate that could promote accelerated
wound healing and has haemostatic control [69]. Piras et al. demonstrated a stem cell-
compatible dual-network hybrid calcium alginate gel loaded with silver nanoparticles [70].

2.3.3. Gelatin

Gelatin itself is a product of the partial hydrolysis of collagen, which is a major com-
ponent in the extracellular matrix. Being partially hydrolyzed, it contains a mixture of
polypeptide chains. Gelatin also shares the same advantages as collagen by being biocom-
patible, nonimmunogenic, and being soluble at physiological temperature. Gelatin is also
mostly sought out biomaterial used for regenerative medicine, but researchers have been
using with synthetic macromolecules to form host–guest interactions that assist in cell fil-
tration. Feng et al. used aromatic residues of gelatin with β-cyclodextrin to form hydrogels
that help in cell adhesion and enhance the delivery of hydrophobic drugs. In another study,
Zeinab et al. made self-healable biomimetic hydrogel using gelatin, molybdenum disul-
phide and β-cyclodextrin, which could be used for regeneration of extracellular matrix [71].
Madl et al. prepared the gelatin hydrogels with Cucurbit(8)uril and encapsulated human
fibroblast cells, demonstrating its potential application in bioprinting [72].

2.3.4. Hyaluronic Acid

Hyaluronic acid, also a naturally occurring polysaccharide, is also a primary compo-
nent of the extracellular matrix of the human connective tissue. Hyaluronic acid in phys-
iological conditions undergoes enzymatic degradation in the presence of hyaluronidase
and hydrolysis. Hence, hyaluronic acid is made to react with crosslinking agents to form
covalent bonds to improve the stability in the physiological conditions. So, HA is used
in combination with nucleobases such as cytosine, guanosine to form hydrogen bonding,
or combined with Poly(N-isopropylacrylamide) to form hydrophobic bonds making the
supramolecular hydrogels. They can form metal co-ordination supramolecular complexes
with metal ions such as Mg2+, Zn2+, Ca2+, and Ag2+ or also inclusion complexes with
Cucurbit(8)urils, adamantane, or β-cyclodextrin [73]. Jung et al. made supramolecular hy-
drogels that can encapsulate human MSCs and demonstrated chondrogenic differentiation,
indicating its use in the cartilage regeneration and other tissue engineering applications [74].
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Fernandes et al. prepared supramolecular hydrogels containing HA and cyclodextrin or
adamantane for corneal wound healing [75].

3. Self-Assembly Mechanism and the Driving Forces

The kinetics of the drug or gene release from the architecture of the supramolecular
systems is dependent on the kinetics of the self-assembly mechanism of the systems. Hence,
emphasis has been put on the self-assembly mechanism of the various non-covalent bonds
that help in the process.

Lipids: The kinetics of lipoplex formation has been critically examined by researchers,
and the nucleation and growth processes such as that of the adsorption of the polyelec-
trolytes on oppositely charged colloidal particles were discovered. Lipid aggregates are
amphiphilic and form vesicles or phases/lamellae due to the van der Waals forces between
the hydrophobic molecules and the hydrogen bonding between the hydrophilic molecules.
When cationic lipids are mixed with negatively charged nucleic acids, rearrangement takes
place due to the electrostatic interactions, thus forming multilamellar lipoplexes, as shown
in Figure 4a [17].

Figure 4. Self-assembly mechanism (created with Biorender.com [accessed on 30 June 2022]).
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Peptides: Peptide assembly is influenced by noncovalent interactions such as hydropho-
bic effects, electrostatic interactions, and π–π stacking. Mostly, the amphiphilic peptides
that have been used for the self-assembly processes have a surfactant-like structure com-
posed of a hydrophobic tail with many hydrophobic amino acids such as Gly, Ala, Val,
Leu, and Ile, and a hydrophilic core represented by one or two hydrophilic amino acids,
either negatively charged (Asp or Glu) or positively charged (Lys, His or Arg), resulting
in anionic or cationic surfactant-like peptides, respectively. The hydrophobic interaction
and hydrogen bonding are the most important driving forces for amphiphilic peptide
self-assembly, which lead to the formation of β-sheets that in turn helps in the formation
of vesicles or nanofibers. It has also been demonstrated that the addition of an extra ionic
bond has a substantial effect on the self-assembling structures. Catanionic and zwitterionic
surfactants are the other two forms of surfactants, in addition to typical anionic and cationic
surfactants. The former is a mixed system of anionic and cationic surfactants, whilst the lat-
ter is made up of surfactants with both positive and negative charges combined in a single
hydrophilic head. These materials form lamellar structures, nanotubes, nanovesicles, and
micelles, as shown in Figure 4b [22].

Self-assembly peptides that form hydrogels are also widely researched. Hydrogen
bonding can occur spontaneously in systems that generate supramolecular fibrils capable
of noncovalent cross-linking. Water-soluble fibrils can be made up of either covalently
linked polymers or noncovalently linked supramolecular assemblies, with cross-linking
occurring via both covalent bonds and noncovalent interactions such as hydrogen bonding,
stacking, and van der Waals forces. Braun et al. discovered that the hydrogel-forming
peptide SgI37-49 self-assembly is governed by the secondary nucleation of monomers
on the surface of pre-existing fibrils. The rate of nucleation in this catalytic nucleation
process exhibits enzyme-like saturation effects, with the rate of nucleation being highly
concentration-dependent below 50 M and effectively concentration-independent at higher
concentrations [76].

Nucleic acid subunit based self-assemblies: All the nucleic acid sub-components, namely
nucleobases, nucleosides, and nucleotides, serve as supramolecular motifs in the construc-
tion of complex architectures via non-covalent interactions such as hydrogen bonding,
electrostatic effects, π–π stacking, hydrophobic interactions, and metal coordination. Dif-
ferent structural properties endow them with varying binding abilities. Because of the
non-covalent interactions between the components, the resulting assemblies have control-
lable morphology, physico-chemical properties, and stimuli responsiveness. Commonly
used nucleosides for hydrogels are guanosine, Isoguanosine, and ureidopyrimidine, which
form quartets by intermolecular hydrogen bonding [77,78]. The molecules in the quartet
with the double bonds undergo π–π stacking to form G-Sheets or quadruplexes, as pre-
sented in Figure 4c. Such quadruplexes are further grouped to form hydrogels which can
be used in regenerative medicine as a delivery vehicle and as a scaffold [79].

Block co-polymers: One of the most fundamental driving mechanisms in the supramolec-
ular assembly of tissue engineering complexes is based on hydrophobic interactions. These
interactions can cause the association and subsequent self-assembly of supramolecular
polymer fibers, or they can produce physical cross-links between polymer chains, which
are critical in the self-assembly of biological materials such as fibrillar proteins. There is
an increase in the entropy that occurs due to the repulsion of hydrophobic faces away
from the hydrophilic environment of the swelling hydrogel and the surface-bound water
molecules. This substantial gain in net entropy with a minor amount of enthalpy drives
the hydrophobic interactions, which can self-assemble or support the physical structure
in the polymer chains. This mechanism is frequently used in conjunction with chemical
cross-linking to improve the mechanical properties of the resulting gels, and unlike other
supramolecular motifs, it may be used to make robust self-healing hydrogels. Amphiphilic
block copolymers that use these hydrophobic bonds to form supramolecular structures are
often used for drug delivery, cell encapsulation, and cartilage regeneration. These hydro-
gel matrices self-assemble in aqueous conditions and dissolve hydrophobic compounds,
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allowing therapeutic doses of tiny molecules to be delivered locally. In the end, these
scaffolds increased cell infiltration, reduced inflammation, and promoted wound healing
in vivo, making them one of the few systems whose therapeutic applicability has been
proven [80–84].

Dendrimers: Amphiphilic supramolecular dendrimers were researched as an alternative
for covalently bound dendrimers for biomedical applications. The most widely used den-
dritic polymers contain small amphiphilic dendrimers containing a hydrophobic alkyl
chain and hydrophilic PAMAM dendron. These dendrons can be easily synthesized in
large quantities, with high purity, utilizing divergent or convergent methods or a mix of the
two. The dendron with both the hydrophilic and the hydrophobic part can self-assemble
into stable and resilient noncovalent supramolecular dendrimers. Due to their amphi-
pathic nature, they can have hydrophobic interactions in their core regions, and hydrogen
bonds inside their dendron shells. The simplicity to change the length and nature of the
hydrophobic chain, as well as the creation of the hydrophilic PAMAM dendron and the
varied terminal functions, provides unique structural flexibility and diversity for a diverse
range of biological applications [85].

Host–guest chemistry in cyclic oligomers: Host–guest interactions in the macrocyclic
molecules are one of the most studied non-covalent techniques for forming supramolecular
hydrogels. As previously described, most of the cyclic oligomers that are being used
for tissue regeneration are cavitands meaning that they have a cavity constructed by
the repeating monomer units. In the cyclodextrins, calixarenes, and cucurbiturils, the
cavity is hydrophobic due to the aromatic rings and the surface is hydrophilic due to the
hydroxyl groups or other hydrophilic moieties protruding at the ends of the cavities. The
hydrophobic groups of the monomer units are responsible for the hydrophobic interactions,
which are critical in the formation of the host cavity. Guest molecules or the hydrophobically
modified polymers are then physically entrapped, forming supramolecular hydrogels. The
stimuli-responsive cyclic oligomers contain stimuli-responsive moieties/polymers that
initiate the formation of the inclusion complexes without affecting the bulk properties of
the oligomers. At the induction of stimuli, these moieties help in the formation of the
host–guest interactions. These phenomena were explained well by Saunders et al. by
relevant examples [86].

Natural Biomaterials

Collagen: Collagen-based biomaterials, which are majorly fabricated in the form of
de-cellularized ECM, have the advantage of less risk of immunological rejection. The
collagen is either obtained by decellularization of the organ and recellularized before im-
plantation or is decellularized and stored desperately in distinct biomaterial forms such
as gels, for ease of use for in vitro and in vivo applications. This decellularization process
preserves the original structure of the collagen, but the major hurdles are to understand
the molecular mechanism and to achieve the consistency of the biomaterials during the
recellularization process. So, the regenerated collagen biomaterials are often used for
the regenerative medicine. One of the most widely used forms of this biomaterial is the
hydrogel, prepared by self-assembly process triggered especially by temperature rise to
physiological temperatures. To form hydrogels, the collagen solution is mixed with the ther-
apeutic agent and the temperature is adjusted for the physical transition into gels. Another
type of collagen-based delivery system is represented by microspheres, prepared by direct
aliquoting, or emulsifying the polymer solution, followed by temperature adjustment to
form the microspheres and subsequent encapsulation of cells or therapeutic material into
the microspheres. Collagen is also used in the form of a scaffold, built three-dimensionally
by lyophilization, electrospinning, or 3D printing, to which other cells, genes, or drugs are
attached [64].

Alginate: Alginate is a biopolymer that readily dissolves in water and forms gels
through electrostatic interactions influenced by the electrolytes used. Apart from the gels,
alginate has also been used in the preparation of nanofibers, nanocoatings, and nanopar-
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ticles, which could be used for therapeutic material delivery. Alginate macromolecules
are amphiphilic and generally undergo intra- or intermolecular hydrophobic interactions
and hydrogen bonding to form self-assembled nanostructures such as nanoparticles and
nanofibers that can carry either drugs or genetic material. Alginate is also used with other
supramolecular systems listed earlier in this section such as the cyclic oligomers, peptides,
and other natural biomaterials to form these self-assembled systems. Characteristics of al-
ginate, such as the resemblances to the native ECM and ability for permeation of gases and
small molecules through it when prepared in the form of tissue-engineered scaffolds are
the major reasons that it has been extensively researched for potential in tissue regeneration
and wound healing [87].

Gelatin: Generally, gelatin does not form supramolecular systems on its own and
therefore it is used in combination with other supramolecular systems. Cross-linking is
generally carried out in the presence of chemical reagents that form covalent bonds or
by the dehydrothermal method that uses vacuum heating for the formation of gelatin
microparticles. These systems have been used for various regenerative medicine applica-
tions reviewed by Nii et al. [88]. There are studies that use these biomaterials with cyclic
oligomers or other reagents employing host–guest chemistry to form inclusion complexes
and other supramolecular structures [71,72,89–91].

Hyaluronic acid: Hyaluronic acid, which is hydrophilic and can be easily chemically
modified, generally forms supramolecular hydrogels which are used as scaffolds for tissue
engineering and regenerative medicine. Hyaluronic acid readily forms hydrogen bonding
to form these reversible hydrogels, but the interactions in water or aqueous solution weaken
the bong. Hence, HA is often combined with materials such as poly(N-isopropylacrylamide)
(PNIPAM) to form hydrophobic interactions and to obtain stronger hydrogels. Possessing
negatively charged carboxyl groups at physiological pH, HA can interact electrostatically
with positively charged groups such as carboxymethyl hexanyl chitosan or chondroitin
sulfate. It is also reported that HA forms coordination bonds with bivalent and trivalent
metal ions such as the Mg2+, Cu2+, Fe2+, Ba2+, and Ca2+. Recently, the most extensively
researched hydrogels have been those based on HA with cyclic oligomers such as β-CD or
Cucurbiturils, which use the host–guest chemistry to form the inclusion complexes [73].

4. Preparation Techniques and Formulation Considerations

4.1. Lipid-Based Systems

When lipids are immersed in an aqueous environment, their amphiphilic nature al-
lows them to form structured assemblies such as vesicles or membranes. Lipid bi-layer
sheets and liposomes are being researched majorly as a delivery vehicle for the small and
large molecules rather than a biomimetic scaffold. In regenerative medicine, they have
been applied to deliver the stem cells with growth/differentiation factors, DNA, or inter-
ference RNA (RNAi) and in combination with scaffolds. Preparation of liposomes can be
performed by a conventional method of thin-film hydration, and then loading is performed
actively or passively with small drug molecules or biologically active macromolecules. The
passive loading mechanisms such as the mechanical dispersion method, solvent dispersion
method, and detergent removal method are commonly followed. There are many types of
mechanical dispersion such as French press extrusion, freeze-thaw, micro-emulsification,
membrane extrusion, and others [92]. Many new techniques have been employed lately,
which were reviewed by Has et al., for both hydration and loading techniques. Modi-
fied methods include electro formation, microfluidics-assisted methods, curvature tuning
method, packed bed-assisted hydration, osmotic shock method, dual asymmetric cen-
trifugation, spray-drying, and lyophilization [93]. The schematic representation of the
preparation of liposomes is given in Figure 5.
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Figure 5. Schematic representation of the preparation of liposomes, highlighting the formulation and
process parameters involved (created with Biorender.com [accessed on 30 June 2022]).

In the conventional hydration techniques, usually, the essential materials are lipids,
active substances, and the buffer solution. The critical quality attributes of the liposomes
are majorly affected by the physiochemical properties of these components. Porfire et al.
discussed the critical material and process attributes that influence the liposome properties.
They discussed that saturated fatty acids have a higher transition temperature and do not
undergo oxidative or hydrolytic degradation such as unsaturated fatty acids. The chain
length of the lipids will influence the thickness of the lipid bilayer which is inversely propor-
tional to the internal vesicular volume for encapsulation of the therapeutic molecules. The
lipids also impact the fluidity and permeability of the bilayer and the charge. Cholesterol
used usually for mechanically supporting the lipid bilayer also impacts the encapsulation
efficiency. The solvents used, the concentrations and ratios of lipids, solvents, and active
substances have a profound effect on the target profile of the liposomes [94].

In addition, many material attributes vary according to the type of preparation process
selected. For the thin-film hydration technique, the temperature of the water bath, the speed
and time of rotation of the flask, and the vacuum applied might influence the liposome
size, but it is the type of the size reduction methods employed that has a greater impact on
the final properties of the liposomes. For example, if the liposomes are extruded for size
reduction, the diameter of the extrusion membrane and the number of cycles influence the
particle size of the liposomes.

4.2. Peptide-Based Systems

Peptide nanofibers and hydrogels have been used in regenerative medicine due
to their ability to exhibit bioactive signals, which can be performed by integrating the
bioactive component within the peptide sequence or co-assembling the peptide with the
bioactive signal. Hence, these two types of delivery systems are much more focused on
by the scientists to improve their applicability as not only an extracellular matrix scaffold
but also as a delivery vehicle for small and large molecules in the biomedical domain.
Peptides and peptide amphiphiles, as discussed earlier, form multiple conformational
structures such as micelles, β-sheets, and nanofibers when influenced by the external
environment subjected to changes in pH, temperature, and electrolyte ions. Nanofibers
have been the most applicable form in tissue engineering. There are various methods
of manufacturing nanofibers such as template synthesis, phase separation, melt-blown
technology, force spinning, and freeze-drying, but electrospinning is mostly preferred for
peptide nanofibers [95].
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Electrospinning is a low-cost and easily accessible method for producing nanofibers
using electrical forces and polymer solutions, in a short amount of time with surface control
of nanofibers [96]. A spinneret, a high voltage power supply, and a grounded collecting
plate are the three fundamental components of an electrospinning apparatus (usually
a metal screen, plate, or rotating mandrel). The principle of this technology is to apply
high voltage to a polymer solution to generate electrical field jets, and then evaporate the
solvent while the formed jets flow to a grounded collector to obtain nanofibers. The process
is diagrammatically represented in Figure 6.

Figure 6. Pictorial representation of electrospinning process.

Parameters related to the polymer solution, process parameters, and environmental
conditions affect the electrospinning process. The viscosity, conductivity, surface tension,
and molecular weight of the polymer are all formulation factors that have a substantial
impact on the morphology and size of the fibers. The process parameters are the applied
electrical force, tip to distance collector, and feed/flow rate. The electrospinning process
is also influenced by environmental circumstances, which include the temperature and
humidity at which the operation is carried out, to avoid degradation of the peptides. In
addition to these parameters, the formulation additives such as the type of organic solvent
used to dissolve the peptides and to enhance the spinnability. To improve mechanical
qualities, peptide/proteins can be combined with natural and synthetic polymers such
as Eudragit®, poly-L-lactic acid (PLLA), polycaprolactone (PCL), chitosan, polylactic acid
(PLA), and PEO. Morphology, fiber stability, decreased degradation in the physiological
environment, increased biological function, and increased spinnability are examples of
these features. Glutaraldehyde, formaldehyde, genipin, proanthocyanin, and chlorination
are examples of cross-linkers that can be utilized for this purpose [95].

4.3. Nucleic Acid Subunit-Based Systems

Nucleosides such as guanosine and Isoguanosine assemble in quartet structures to
form hydrogels which can be used for regenerative medicine. The nucleobases associate
through Hoogsteen hydrogen bonding to form vertical stacks of square-shaped quartet
aromatic structures and grow into wires or fibrous structures which drive the gelation
process. These self-assembled hydrogels are either stabilized by cations or anions. Many
different preparation methods have been reported by researchers. The common main
components are the gelator molecules, which are the nucleosides such as guanosine or
Isoguanosine in their stable forms such as hydrazides or aldehydes which, in the presence
of monovalent or bi-valent cations and anions, yield self-assembling structures [77].
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4.4. Block Copolymers (BCP)

Amphiphilic block copolymers majorly form three types of assembled structures,
for example micelles, polymerosomes, and nanoparticles. Micelles are self-assembled
nanostructures formed when the concentration of the BCP in dilute solutions is above the
critical micellar concentration (CMC). These micelles serve as excellent carrier systems for
drugs and biomolecules. Polymerosomes are also self-assembled structures and differ from
the micelles by being double-layered vesicular structures [97–99].

4.5. Dendrimers

The dendrimers are either prepared by convergent or divergent methods consisting of
a multifunctional central core with branching dendritic polymers involving the formation of
covalent bonds. Due to this covalent synthesis, the higher generation of dendrimers, which
have many branches, often has structural defects due to incomplete reactions. In the case
of amphiphilic dendritic polymers, dendrons are also manufactured either by convergent
or divergent methods. However, then the hydrophilic dendrons have hydrophobic alkyl
chains that form the core by electrostatic and hydrophobic interactions. This problem
could be overcome by the non-covalent synthesis using the amphiphilic dendritic polymers
with hydrophobic alkyl chains and the hydrophilic dendrons consisting of PAMAM. The
hydrophilic dendrons are directed towards the outer surface, while the hydrophobic alkyl
chain is directed towards the center, as shown in Figure 7. The hydrophobic alkyl chains
from various dendrons form the core by electrostatic and hydrophobic interactions [44].

Figure 7. Amphiphilic dendritic copolymers (created with Biorender.com [accessed on 30 June 2022]).

Chen et al. synthesized cationic dendrimers with hydrophilic PAMAM dendrons
with seven tertiary amines in the inner structure and eight of them on the terminals using
click chemistry with triethanolamine as the core. They observed that the longer alkyl
chains improve the hydrophobic interaction and the stability of the complex. Additionally,
the dendrimers with fewer generations or shorter alkyl chains led to insufficient genetic
material loading. This might be due to the lesser hydrophobic groups when compared
with the longer alkyl chains, which impacts the electrostatic interaction with the genetic
material [100].
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4.6. Cyclic Oligomers

Cyclic oligomers being used in regenerative medicine are synthesized mostly chemi-
cally, and then the inclusion complexes are formed through various preparation methods
to host the guest molecules of drugs and other biomacromolecules. Cyclodextrins are
prepared by the enzymatic degradation of starch by using glucosyltransferase.

The preparation of inclusion complexes of cyclic oligomers is critical in the perfor-
mance, morphology, and stability of the delivery systems. The inclusion complexes are
prepared by many methods, namely co-precipitation methods, kneading, grinding, spray
drying, irradiating by microwaves, and by the utilization of super critical fluids [101]. Co-
precipitation is one of the most simplistic and efficient methods where the guest molecule to
be hosted is dissolved in organic solvents to which solution containing the cyclic oligomer is
added and agitated. The solution is then cooled until crystallization occurs. The crystals are
then washed with organic solvents and dried [102–104]. A simple method called the knead-
ing method consists of making a paste of cyclodextrins with a small amount of water and
adding the guest molecules with thorough mixing. Then the resultant paste is washed off
with solvents to obtain the solid form of the inclusion complex [105]. An alternative method
to the above two techniques is the utilization of super critical fluids. Most commonly, super
critical carbon dioxide is used, which is maintained at super critical conditions of tem-
perature and pressure in an autoclave, with the cyclodextrins and the guest molecules.
A rapid pressure drop occurs due to which carbon dioxide is then vaporized, and the
inclusion complex is formed. A more simplistic method is the grinding method, which
involves mechanical energy that gives sufficient intensity to the guest molecules to become
trapped in the host molecules. Some methods employ microwaves to blend guest molecules
and the host molecules in a minimum amount of solvent such as ethanol [106,107]. For
water-soluble or water-dispersible guest and host molecules, spray drying could be utilized
to form the inclusion complexes. In this technique, the liquid containing the molecules is
atomized into fine droplets which are then dried by a heated air stream and separated from
the air.

5. Characterization

Supramolecular-based systems usually involve self-assembling units (both biomacro-
molecule based as well as synthetic) whose equilibrium constant varies with the varying
chain lengths. For such dynamic systems, a single characterization technique might often
not be sufficient, and a combination of techniques would be required to evaluate them
qualitatively and quantitatively [108]. Additionally, these systems are mostly produced in
the form of gels that mimics the extracellular matrix of the target tissue or act as delivery
systems to carry therapeutic material to the targeted site. So, the characterization mostly in-
volves similar testing methods as that of viscous gels. The general characterization of other
delivery systems would also be taken into consideration, but majorly the supramolecular
mechanism was studied and represented in Table 1.

5.1. Rheology

Rheology in practical terms can be defined as the study of the flow and deformation of
materials under the applied external forces [109]. It is primarily focused on relating the force
with the deformation in materials such as liquids and semisolids, which in turn can provide
valuable information about dynamics and structural assemblies. The researchers test the
elastic storage modulus (G′), the measure of energy stored during a strain cycle, and elastic
loss modulus (G′ ′), the measure of energy lost during a strain cycle, to assess the nature
of the supramolecular structure and assemblies. Dawn et al. detailed frequency sweep
experiments, and time-dependent experiments, about the determination of yield stress
and linear viscoelastic region. According to the G′ and G′ ′ the supramolecular gels were
categorized into healable and non-healable. Further healable systems were sub-categorized
into fibrous, non-fibrous, self-healing, and stereochemistry-based systems based on the
type of framework [110].
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Table 1. Characterization techniques and information obtained.

Characterization Technique Evaluated Parameters Information Obtained

Rheology Elastic storage modulus (G′), elastic loss modulus (G′ ′),
Stability of the supramolecular gel at induced
strain and temporal variation. Structural
assembly of the monomers [109,110]

Chromatography Retention or exclusion time The average molecular weight of the
monomers [108]

Spectroscopy:

Infrared Vibrations of atoms and shifts in the characteristic peaks
Non-covalent interactions that appear during
sol–gel transition/supramolecular
assembly [111]

UV/Visible Absorption wavelengths
Quantitative determination of non-covalent
interactions that appear during sol–gel
transition/supramolecular assembly [53,112,113]

Fluorescence Loss of vibrational energy in the form of fluorescence Quantitative determination of non-covalent
interactions [114–116]

Nuclear magnetic resonance
Chemical shift, coupling constant, line widths, peak
integral, relaxation time, and the nuclear Over Hauser
effect (NOE)

Chemical structure and formation of
non-covalent interactions in
cavitands [56,117–123]

Mass spectrometry Mass-to-charge ratio (m/z) of one or more molecules Chemical structure and end groups
identification [111,124–126]

Circular dichroism The difference in absorbance of right- and
left-circularly polarized light

The intra- and intermolecular interactions in
chiral supramolecules with changes in
temperature and time [115,126]

Dynamic light scattering Intensity fluctuations during Brownian motion Particle size [127–131]

X-ray light scattering Intensities of X-rays scattered Shape, conformation, and assembly of
supramolecular complexes [77,125,132]

Thermal analysis:
Isothermal titration calorimetry (ITC)

Various thermodynamic parameters—enthalpy (ΔH),
entropy (ΔS), free energy (ΔG)

Binding affinity between the molecules
and stoichiometry

Differential scanning calorimetry Heat flow Sol–gel transition enthalpy [130,133]

Microscopy Topography of materials Shape and size of the supramolecular delivery
systems [77,111,118,134–137]

5.2. Chromatography Techniques

Chromatographic techniques such as size exclusion chromatography have often been
used for polymer characterization and to provide information about the molecular mass
distribution of the polymers. Gel permeation chromatography was reviewed by Liu et al.,
where they considered research on supramolecular systems such as dendrimers with
multiple hydrogen-bonding arrays [108]. These techniques, when combined with light
scattering and x-ray scattering techniques, will provide the average molecular weight of
the polymer.

5.3. Spectroscopy Techniques

Based on the information sought regarding self-assembled polymer structures, a variety
of spectroscopic techniques are available for characterization. All the spectroscopic tech-
niques used for supramolecular systems are reviewed in this section.

Infrared spectroscopy could be used to characterize the non-covalent interactions
behind the gelling process of supramolecular systems. IR spectroscopy can be used to
explain the formation of intermolecular hydrogen bonding during aggregation, and the
formation of new bands in the CH stretching areas because of the packing of aliphatic chain
molecules [111].

Ultraviolet and visible light is often absorbed by molecules to excite the electrons
from the π bonds or the nonbonding electrons to higher antibonding molecular orbitals.
In supramolecular systems, non-covalent interactions can also cause physical changes,
for example, in the case of gelation, the interactions increase the hydrophobicity of the
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surroundings [112,113]. In the case of stimuli-responsive supramolecular systems, where
physical changes are influenced by external stimuli, UV/Visible spectroscopy can be used
to quantitatively determine the non-covalent interactions [53].

Fluorescence spectroscopy is another type of electromagnetic spectroscopy that is
used for the quantitative determination of supramolecular systems. The principle differs
from the UV/Vis by analyzing the fluorescence of the electrons that are previously excited
and lose their vibrational energy to come to the ground state [114,115]. It can also provide
details regarding the inclusion of complexation by cyclic oligomers [116].

1H NMR probes hydrogen nuclei within the molecules of a substance to determine the
structure and the interactions of its molecules. In the supramolecular systems, the chemical
shift changes that are driven by noncovalent interactions can be monitored [117]. Diffusion-
ordered NMR spectroscopy (DOSY) has become significant in the characterization of self-
assembly systems for being able to measure translational diffusion coefficient that accounts
for the net result of thermal motion induced in solution by particles or molecules [118,119].
This coefficient can provide accurate hydrodynamic dimensions of the systems by using
the Stokes–Einstein equation as well as the thermodynamic parameters. Nuclear Over
Hauser effect spectroscopy (NOESY) [56,120] and rotating frame nuclear Over Hauser
effect spectroscopy (ROESY) [121–123] have also been used to obtain information about the
relative positions of the building components in host–guest interactions of cyclic oligomers
by employing two-dimensional NMR.

Mass spectrometry has been employed in some situations where chemical composition
and end group identification for supramolecular polymers had to be determined [111,124–126].

Circular dichroism spectroscopy is a technique that involves the study of the stereo struc-
tures and the intra- and intermolecular interactions of various classes of chiral supramolecules.
This technique always is used to monitor the thermal responsive changes in nanoscale chiral
aggregates assemblies [115,126].

5.4. Dynamic Light Scattering and X-ray Scattering Techniques

The dynamic light scattering technique (DLS) is used to determine the size distri-
bution profile, structural formation, and interactions of small particles in suspension or
small polymers in the solution. When a particle is irradiated and subjected to Brownian
motion, two frequencies of equal intensity, including a positive and negative Doppler shift
proportionate to the particle velocity, are generated in addition to the frequency that would
usually be scattered. Brownian motion causes interference between the non-shifted wave
(proton re-emission) and the two waves, resulting in microscopic intensity changes. The
scattered intensity is measured as a function of time and self-correlated after that. The
relaxation time due to Brownian motion is obtained, and the particle size is determined
using hydrodynamic models of the diffusion coefficients. The diffusion coefficient can also
be calculated using DLS, which simply monitors changes in the scattered light intensity
of diffusing particles. The study of light scattering by structures with diameters in the
sub-micrometer range allows key features such as shape and internal structure to be deter-
mined. Because the size (or diffusion coefficient) increases drastically when 3D networks
grow, DLS is an effective tool for the characterization of supramolecular gels [127–129,131].

X-ray techniques have been transformed significantly over the past two decades to
cater for the characterization of structural motifs of the supramolecular assemblies and to
understand the weak intermolecular interactions and the local packing of the molecules.
To determine the arrangement of atoms, a beam of X-rays impacts the material and causes
the beam of light to spread out in many different directions. A crystallographer can create
a three-dimensional picture of the density of electrons within the system by measuring
the angles and intensities of these diffracted beams. The mean locations of the atoms
in the system, as well as their chemical bonds, disorder, and other information, may be
deduced using this electron density [77]. This X-ray diffraction method was employed by
Hwang et al. in the characterization of cucurbiturils to determine the layer structure and
the alignment of the fibrils during self-assembly [132]. Angelerou et al. used this technique
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in the characterization of nucleoside-based supramolecular gel to check the local packing
of the molecules in N4-octanoyl-2′-deoxycytidine xerogels [125].

5.5. Thermal Analysis

In supramolecular chemistry, noncovalent interactions involve energy and momentum
transfers between molecules. Isothermal titration calorimetry can be used to determine
these thermodynamic parameters such as binding affinity, enthalpy changes, and the
stoichiometry of the interaction between the molecules. Differential scanning calorimetry
(DSC) is a thermoanalytical technique that measures the difference in the amount of heat
required to raise the temperature of a sample and a reference as a function of temperature.
These techniques can not only determine the sol–gel transition enthalpy but also the thermal
stability of the supramolecular gel. Xia et al. obtained enthalpy changes and the thermal
stability of the oligopeptide hybrid films using DSC [133]. Park et al., used this technique to
explain the reversible phase transition of their β-cyclodextrin-based noncovalent, double-
network hydrogel [130].

5.6. Microscopic Techniques

Microscopy techniques are mostly used together with other characterization tech-
niques and often a combination of microscopic techniques is used to understand the
morphology of the sample. Scanning electron microscopy (SEM) is a type of electron
microscopy that uses a focused beam of electrons to scan across the material to create
images. These electrons interact with the electrons in the sample, resulting in a variety
of signals that may be detected and carry information on the surface topography and
composition of the sample [111,134,135]. In most cases, the electron beam is scanned in
a raster scan pattern, and the position of the beam is coupled with the detected signal to
create a picture. Another microscopy technique is transmission electron microscopy (TEM),
in which a beam of electrons interacts with the object as it goes through. The interaction
of the electrons with the specimen can result in the formation of an image. An imaging
device, such as a fluorescent screen, a layer of photographic film, or a sensor, is used to
magnify and focus the image (CCD camera). In theory, TEM has enough resolution to
detect molecules at the sub-nanometer scale [111,136,137]. One of the most important tools
for photographing, measuring, and manipulating materials at the nanoscale is the atomic
force microscope (AFM). The data are collected by “feeling” the surface with an extremely
sensitive “spring-board-like” cantilever. Attractive or repulsive interactions that influence
the tip at the end of the cantilever as it is moved over a sample cause the cantilever to bend,
thereby providing a mechanical means to probe local nanoscale effects [77,118,136]. These
techniques have been used widely to study the structural and morphological details of the
materials. In the supramolecular systems, the individual fibers that self-assemble to form
the hydrogels could be visualized with higher levels of a resolution, allowing the user to
determine the structural changes with and without the therapeutic molecules. This electron
microscopy when coupled with a focus ion beam allows 3D imaging of the supramolecular
systems. Cryo-electron microscopy techniques step up in providing the observations of the
hydrogels at different gelator concentrations and observing the nano-structural changes
during their synthesis.

6. In Vitro and In Vivo Biocompatibility Studies

One of the most important characteristics of any delivery system is its biocompatibility
and, since it is being employed in regenerative medicine, the supramolecular systems need
to be more bio-compliant than other delivery systems. Most of the prototypes successful
in the in vitro studies usually become phased out due to their inability to prove their
efficacy in in vivo models. Hence, a major emphasis has been given to the successful
prototypes and research activities held previously, proving the biocompatibility of both
the biomacromolecule-based and synthetic macromolecule-based supramolecular systems.
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Some of the most recent development and studies regarding the biocompatibility of the
supramolecular systems with the various tissues are tabulated in Table 2 and Figure 8.

Table 2. Research on stability and biocompatibility.

Type of Tissue Type of Supramolecular System Application

Nervous tissue Peptide-based hydrogels

Wang et al. proposed self-assembling peptides RADA16 with osteopontin-derived
angiogenic motif SVVYGLR that helped in the angiogenesis and promoted the
reconstruction of the neural tissue and recovery of the reflexive responses to the motion in
a zebrafish model [138]

Ma et al. proposed a self-assembling peptide hydrogel named Slanc with chemically
synthesized oligopeptide sequence K(SL)3RG(SL)3K–G–KLTWQELYQLKYKGI with
vascular endothelial growth factor. These hydrogels were first checked for the
cytocompatibility using in vitro methods and then checked in fluid percussion injury
models in vivo in Sprague–Dawley rats. The in vivo results have shown angiogenesis,
neuroprotection and axonal outgrowth around the hydrogels indicating regeneration of the
brain injury [139].

Nucleic acid-based hydrogels

Yuan et al. made a highly permeable supramolecular DNA hydrogel matrix with
homologous neural stem cells to regenerate severe spinal cord injury. The hydrogels were
tested using in vivo rat models and have been evaluated for the migration, proliferation, and
differentiation of the stem cells. It was found that the hydrogel-treated groups showed
regeneration in the form of newborn oligodendrocytes and the myelin structure
regeneration [140].

Cyclic oligomer-based hydrogels

An injectable composite hydrogel made from gelatin acrylated β-cyclodextrin polyethylene
glycol was prepared to carry motor neurons from embryonic stem cells by Wang et al. In
their research, they demonstrated neuroinflammation response to the transplanted
composite gels and a functional recovery in the behavior of the spinal cord injured rat
models [141].

Cardiovascular
tissue

Supramolecular peptide nanofibers

A zymogen activator peptide Nap-FFEG-IVGGYPWWMDV which can activate the
hepatocyte growth factor precursor (pro-HGF) is made into self-assembled nanofibers to
perform anti-apoptosis and pro-angiogenesis. This has helped to demonstrate regeneration
of the infarct area of the heart affected due to acute myocardial infarction in the adult male
C57 BL/6 mice [142]

In another similar example, a self-assembling peptide Nap-pD-E7, that enables a sheet of
mesenchymal stem cells, was isolated from the bone marrow to form cell spheroids. The
peptide loaded with MSC spheroids is then checked in vivo in myocardial
infarction-induced mice models. It was seen that the phosphopeptide promoted the
paracrine effect and lead to neovascularization [143].

Nucleic acid subunit-based systems

Growth factors are incorporated into supramolecular ureidopyrimidinone (Upy) hydrogel
exhibiting sol–gel behavior that forms a gel at neutral pH. Intramyocardial delivery in
a porcine model of myocardial infarction showed improved blood flow and the formation of
new cardiomyocytes [144]. A similar study using chain extended ureidopyrimidinone
polymers was functionalized with heparin and Interleukin 4 for in-situ arterial tissue
regeneration in rat models [145].

Renal system

Supramolecular self-assembly β-sheet
peptide hydrogel

A functional peptide-based scaffold containing Naphthalene (Nap) covalently conjugated to
a short D-form peptide (Nap-DFDFG) and C domain of insulin-like growth factor-1 (IGF-1C)
has been prepared to deliver the human placenta-derived mesenchymal stem cells. These
hydrogels showed endogenous regeneration and improved blood flow when tested in
a murine acute kidney model [146]

Peptide nanofibers

Nanofibers derived from Arg-Gly-Asp peptides adhere readily to the integrins derived from
the extracellular vesicles from the mesenchymal stem cells (MSCs). This system, when
intrarenally injected into the acute kidney-injured rat models, was observed to determine
an increase in proliferation, autophagy, and renal function [147]. The same research group
also tested a hydrogel made by the combination of Tyr-Ile-Gly-Ser-Arg and Arg-Gly-Asp
peptides and combined it with a biocompatible biotin-D-amino acid for carrying MSCs. The
group reported the enhanced paracrine function of the MSCs in the acute kidney injured rat
models [148].

Cyclic oligomers

Cheng et al. proposed hypoxia-sensitive Azocalix(5)arenes co-assembled with mesenchymal
stem cell-derived extracellular vesicles for targeted therapy in kidney injury. They reported
the inhibition of HIF-1α expression in hypoxic renal tubular epithelial cells (TECs). This
delivery system could be used further for delivering therapeutic and diagnostic agents [149].

Digestive
system

Cyclic oligomers

In the cases of treatment of type 1 diabetes, the transplanted pancreatic islets suffer from
oxidative stress and inflammation. Delivery of bilirubin with the help of poly lysine
conjugated cyclodextrin was attempted in a diabetic mice model. This system helped in the
reduction of the oxidative stress and inflammation, promoted angiogenesis, and
strengthened the function of the transplanted islets [150].

Amphiphilic block copolymers

For tissue repair in gastric environments, Wang et al. developed an anti-biofouling and
biocompatible hydrogel based on ABA triblock copolymers. This hydrogel was checked in
the in vivo gastric perforation repair model, and the results suggested a constrained
inflammation and an increase in the vascular density. The reduced inflammation was
explained due to the anti-biofouling capacity, which is the ability to prevent the
accumulation of the microbes during the wound healing process, which makes it an ideal
material for postoperative wound dressing for tissue regeneration [151].
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Table 2. Cont.

Type of Tissue Type of Supramolecular System Application

Muscle/
Connective

Peptide nanofibers

In the case of muscle regeneration, the basal lamina plays a significant role. The laminin
mimetic peptide nanofibers lauryl-VVAGKKIKVAV-Am mimics the muscle basal lamina
environment. It significantly promoted satellite cell activation in skeletal muscle and myogenic
differentiation and accelerated myofibrillar regeneration in the in vivo acute muscle injury
model in Sprague–Dawley rats [152].

In conditions such as sarcopenia, which is described by a rapid loss of muscle mass and
function, delivery of growth factor-like Insulin-like growth factor -1 (IGF-1) has proven
beneficial. Shang et al. attempted muscle repair by using IGF-1mimicking peptide sequence
Nap-FFGSSSR which forms a supramolecular hydrogel, which could promote myoblast
proliferation and promoted muscle regeneration in glucocorticoid-induced sarcopenia rat
models. Further RNA sequencing was performed to elucidate the similarity in the activation
of the Akt signaling pathway by IGF-1 to that of the peptide hydrogel [153].

Nucleic acid subunit-based systems

Mori et al. described a supramolecular material with polycarbonate and ureidopyrimidinone
functionalized with UPy-modified cyclic arginine-glycine-aspartic acid (cRGD) peptide
additives. This material promoted myogenesis and neovascularization in the rat hernia model
accelerating the tissue growth and regeneration of the abdominal wall [154].

Bone/
Cartilaginous

Peptide amphiphiles
Histidine-containing peptides incorporated with a dicarboxylic acid-like succinic acid have
been used for three-dimensional cell culture using a mouse fibroblast cell line. In vitro studies
revealed the growth and nourishment of cells in the presence of the peptide gel [155,156]

Cyclic oligomer-based systems

β-cyclodextrin—gellan gum complex hydrogel was developed to enhance the affinity of the
anti-inflammatory drug dexamethasone known for improving the chondrogenesis and
decreasing the inflammatory response in the cartilage defected rabbit model [59]. Another
such example was described in the research by Jeong et al., where mesenchymal stem cells
were encapsulated in β-cyclodextrin modified hyaluronic acid and adamantane modified
Hyaluronic acid.

Nucleic acid-based systems

Yan et al. proposed a DNA-based hydrogel with isolated mesenchymal stem cells (MSC) and
tested it in vitro to check for cell proliferation and chondrogenic differentiation. Upon
confirmation of the differentiation, the hydrogels were injected into severe osteoarthritis
rabbit models which supported the MSC in a high-friction environment and showed signs of
cartilage regeneration [156].

Lipid-based systems

Molecules such as Rhein and other therapeutic agents which possess chondroprotective
action are very poorly bioavailable when taken through the oral route. Ebada et al., in their
research, made cationic solid lipid nanoparticles entrapped with rhein and which could be
injected directly into the articular joints. The lipid-based systems proved efficient in
inhibition of inflammation, and cartilage deterioration in the Monoiodoacetate induced
arthritic rat models [157].

Dental

Peptide-based hydrogels

Siddiqui et al. made a self-assembling peptide SLan angiogenic target peptide with
K(SL)6K–G–KLTWQELYQLKYKGI sequence for dental pulp revascularization. They
checked for biocompatibility with subcutaneous administration of the peptides to the female
wistar rats and then in adult beagle dogs as pulp revascularization models. The growth
factor mimetic peptide was found to be the material of choice for tissue regeneration,
promoting angiogenesis in cases of pulpectomy [158].

Biocompatible hydrogelator Nap-Phe-Phe-Tyr-OH (NapFFY) was co-assembled with
stromal cell-derived factor-1 (SDF-1) and bone morphogenetic proteins (BMPs) and studied
for periodontal bone regeneration by Tan et al. The team observed that the hydrogel has
increased the cell proliferation of the endogenous bone marrow mesenchymal stem cells due
to the SDF-1, and in vivo models of the critical-sized periodontal bone defect models of
maxillae in rats suggested the accelerated osteogenesis [159].

Nucleic acid subunit-based systems

Wang et al. used a monomeric nucleoside molecular gelator
2-amino-2′-fluoro-2′-deoxyadenosine, which is self-healable, shear-thinning, and injectable
to the tooth sockets directly. After checking for the biocompatibility, the team checked the
anti-bacterial activity against the streptococcus mutans and the porphyromonas gingivalis
and observed reduced inflammation at the sites of application in the in vivo rat models,
thereby helping in the regeneration of the tooth socket [160].

Skin

Nucleic acid subunit-based systems

For accelerated wound healing and skin regeneration, guanosine quartet hydrogels loaded
with recombinant human-sourced collagen (G4-RHC) are used as medical patches. The RHC
that is integrated into the gel engages macrophages and fibroblasts at the injury site and
supports the formation of new connective tissue for skin regeneration [161].

Peptide amphiphile nanofibers

To heal wounds made by burns, bioactive Arg-Gly-Asp-Ser (RGDS) modified peptide
amphiphilic gels seeded with thermally damaged fibroblasts and human umbilical vein
endothelial cells were used in a rat burn model. Pathological and histological examinations
have been done in the injured area, which showed significant re-epithelialization and
capillary formation supporting the burn wound closure [162].

Peptide hydrogels

Jian et al. designed a platelet-derived growth factor (PDGF) mimicking peptide by
connecting a self-assembling motif derived from β-amyloid peptide and the PDGF epitope
VRKIEIVRKK. Upon checking for cell proliferation of fibroblasts and keratinocytes and cell
migration, the formulation was tested in a full-thickness skin wound model. The collagen
disposition and the angiogenesis in the in vivo model support the finding of this material as
a suitable biomaterial for chronic wound healing [163].
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Table 2. Cont.

Type of Tissue Type of Supramolecular System Application

Cyclic oligomer-based hydrogels

To enhance wound healing, epidermal growth factor (EGF) was delivered using
supramolecular polysaccharide hydrogels consisting of cyclic oligomer β-cyclodextrin and
azobenzene groups conjugated to hyaluronic acid chains. The formulation was tested on
a full-thickness skin defect model and showed an increase in growth factor levels, granulation
tissue formation, and angiogenesis [53].

For wound healing, supramolecular hydrogels were made with cyclodextrin-modified
gelatin and adamantane-modified hyaluronate, with encapsulated fibroblasts and
conjugated with human growth factor. After checking for cytocompatibility and cell
proliferation, the mice were injected with fibroblasts mixed with these hydrogels and
checked for skin regeneration for 21 days. The research group found that fibroblast
proliferation from the hydrogels has helped in angiogenesis and skin regeneration [164].

Figure 8. Targeted tissues for regeneration using supramolecular systems (created with Biorender.com
[accessed on 30 June 2022]).

7. Innovations and Future Approaches to Improving Clinical Applicability

7.1. Stimuli Responsivity—Control Using Various Factors Such as pH, Temperature, Light,
Enzymes and Others

Despite enormous research in drug research and development, more than half of po-
tential treatments fail in clinical trials due to a lack of therapeutic efficacy and unacceptable
safety. The therapeutic effectiveness and safety of a pharmacological agent are heavily
influenced by drug formulation and delivery techniques. The use of stimuli-responsive
triggers to modulate drug biodistribution such that a drug acts both when it is needed and
at the place where it is needed is one commonly researched way toward more efficient de-
livery systems. Supramolecular systems can be designed to accompany stimuli-responsive
moieties that can define their mechanism of action and the kinetics in the human body.
When external stimuli such as changes in pH, temperature, light, electrical activity, or en-
zymes are detected, these stimuli-responsive systems change their shape or volume which
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causes them to grow or decrease in volume and consequently release the therapeutically
active substance [165].

Alternatively, the process might be made more restricted by incorporating the ability to
respond to pathophysiologic markers, such as changes in blood pressure, pH, an increase
in redox activity, or a rise in enzyme concentrations. Injectable hydrogels that are re-
sponsive to pH, temperature, and enzymes have been studied for site-specific controlled
drug delivery since any illness in the body induces conditions of low pH, increased tem-
perature, and varying glucose concentrations. For targeted delivery systems, light and
enzyme-responsive hydrogels are preferred, whereas pH-, temperature-, electric-, and
light-responsive hydrogels can be employed for controlled release delivery systems [166].

7.1.1. Temperature Responsive Systems

Temperature-responsive supramolecular hydrogels are the most researched stimuli
responsive systems in the supramolecular systems due to their applicability. They undergo
sol–gel or gel–sol transitions in response to minor changes in their surrounding temperature.
The temperature-dependent phase changes of supramolecular hydrogels are predominantly
driven by hydrophilic and hydrophobic interactions, like thermoreversible hydrogels.
Biomaterials that display a sol–gel transition at physiological temperatures (37 ◦C) are
ideal for use as scaffolds and for delivering biomolecules in tissue engineering [167]. Hao
et al. designed a flexible self-assembling system formed from the complexation of a long-
chain amino amide and a trifunctional carboxylic acid. This supramolecular system forms
a reversible thermo-responsive gel with the sol–gel transition ranging between 23 and
76 ◦C [168]. In another example, self-assembling biomimetic β-sheet rich peptides when
complexed with polysaccharides such as guar gum resulted in a thermoresponsive hydrogel
that undergoes the sol–gel transition at variable temperatures [169]. A self-healing gel
made from the ABA triblock copolymer was prepared by Wang et al. for postoperative
tissue regeneration for gastric perforation [151].

7.1.2. Light Responsive Systems

The employment of hydrogelators encoded with light-sensitive groups (e.g., photo-
cleavable groups, photo-isomerizable groups, photo-dimerizable groups) to cause phase
transitions is another strategy to design the stimuli-responsive systems [170,171]. Light-
induced cis-trans isomerization is also termed photo isomerization and involves groups
such as azobenzene and spiropyran. Zhao et al. used photo-responsive supramolecular
hydrogels made up of azobenzene and α-cyclodextrin groups attached to hyaluronic acid
chains, forming host–guest interactions. The azobenzene undergoes cis-trans isomerization
upon application of the UV light and the epidermal growth factor (EGF) is released at
the wound site for accelerated wound healing [53]. Photocleavable hydrogels employ
o-nitrobenzyl, coumarin, or other groups which could be easily dissociated with exposure
to UV light. Upon cleavage, the active biomacromolecules or drugs can be released from
the hydrogels [172]. There are also photodimerizable groups, which have been used to
make these photo-responsive systems, which could be either crosslinked or de-crosslinked,
and readily transition to gel or sol upon light irradiation. Coumarin, cinnamic acid, and
anthracene are some of the groups that exhibit photodimerization [173].

7.1.3. Electric and Magnetic Responsive Systems

Hydrogelators containing magnetically active cores, such as paramagnetic or diamag-
netic species (e.g., metal ions, aromatic moieties) that form aligned fibrillar structures in
the presence of an external magnetic field, are used to create magnetic field-responsive
supramolecular hydrogels. In most cases, magnetic nanoparticles are incorporated into the
hydrogel matrix to produce these magnetic hydrogels. Zhang et al. developed a system
based on biocompatible supramolecular polymeric nanofibers. They developed mag-
netic nanoparticles modified with actin-binding peptide, adamantane (MS-ABPAda), and
cyclodextrin-bearing hyaluronic acid host polymer (HACD) that could remodel the stem
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cell polarization and could be applicable for tissue regeneration [54]. Another example is the
inclusion of magnetic nanoparticles in peptide hydrogels made up of Fmoc-diphenylalanine
and Fmoc−arginine−glycine−aspartic acid (Fmoc-RGD) short peptides which were tested
in vivo in mice and were biocompatible and biodegradable [174]. Another category of
stimuli-responsive hydrogels which are closely linked to magnetic responsive hydro-
gels are the electro-sensitive supramolecular hydrogels based on compounds such as
(poly(3,4-ethylene dioxythiophene) polystyrene sulfonate), 3,4-dihydroxyphenylalanine
(DOPA), diketopyrrolopyrrole which are incorporated into peptide-based hydrogels. These
systems are applied in biomedical fields such as biosensing, drug delivery, and tissue
engineering domains [175].

7.1.4. Chemical/pH-Responsive Systems

The use of pH as a stimulus is one of the most effective ways to start supramolecular
hydrogelation since a small amount of acid or base can cause a substantial pH shift by fast
diffusion of protons or hydroxide ions. Because biological tissues have varying pH levels
(gastric pH of 1–3 vs. intestinal pH of 6.1–7), pH-responsive supramolecular hydrogels
can be employed as smart drug delivery vehicles. In addition, several diseased diseases,
such as cancer, have been shown to have a different extracellular pH than the healthy state.
The transport of active substances has often been aided by the difference in pH within the
damaged tissues. Ghosh et al. prepared supramolecular hydrogel based on PEP-1, which is
an octapeptide containing pH-responsive Aspartic acid and Leucine residues, which could
host water-soluble guest molecules. These residues were responsible for the disassembly
of the structure of the peptides in the acidic pH, thereby releasing the guest molecule into
the vicinity [176]. Similar, hydrogels were made from peptides whose structural assembly
can be modified with the change in the pH capable of forming an extracellular matrix with
selective cell proliferation and cell adhesion ideal for tissue regeneration [177,178].

Another way to make supramolecular hydrogels is to use certain chemical com-
pounds as a trigger for self-assembly. The use of specific small molecules as a trigger to
drive/disrupt self-assembly is difficult because it requires strong molecular recognition to
ensure efficacy and avoids nontarget effects. For example, reactive oxygen species (ROS),
which are a major cause of oxidative stress and are associated with a range of diseases
such as cancer and intervertebral disc degeneration, can be used as a trigger to release the
drugs. Functional groups such as ferrocenyl groups when attached to the supramolecular
systems can respond to the redox changes in the system [179]. Milcovich et al. fabricated
ECM-inspired hybrid microspheres that are made up of collagen 1 and polypropylene
sulfide (PPS), which exhibited high responsiveness to ROS, and that could be used as
a platform to deliver drugs and other biomolecules [180]. The release of doxorubicin has
been demonstrated by Zuo et al. from the star-shaped amphiphilic co-polymers with
β-cyclodextrin and ferrocene pair which are dissociated due to the oxidation caused by
ROS [181].

7.1.5. Biological/Enzyme Responsive Systems

Biological responses and enzymatic reactions play a crucial part in the creation of
hierarchical structures in nature. The supramolecular systems that are influenced by these
biological stimuli and enzymes have gained a lot of interest in recent years due to their
inherent flexibility to easily undergo structural or phase transition changes in-situ, thereby
releasing the genes or drugs at the target organ [182,183].

There are many research publications citing this enzyme responsivity, one of the
first one being from Vemula et al.’s group, who prepared supramolecular hydrogels with
curcumin encapsulated in them. Using enzymes such as hydrolase, they demonstrated
the release of curcumin from the hydrogels [184]. Unlike the former group, Yang et al.
made supramolecular hydrogels from pentapeptides hydrogelator, Nap−FFGEY attached
with enzymes such as kinase or phosphatase, which can induce a sol–gel transition. In the
presence of the adenosine triphosphates and kinase, the gel is transitioned into sol due to
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the conversion of tyrosine residue into a relatively hydrophilic tyrosine phosphate. The
sol–gel transition is triggered when the phosphatase enzyme is added, which counteracts
the former mechanism by making it more hydrophobic [184]. Yu et al. used polymeric
cyclodextrin and acrylamide or N-vinyl pyrrolidinone to form a host–guest supramolecular
hydrogel. The guest molecules with two adamantane moieties form crosslinking between
the hydrophobic cavities of the cyclodextrin and the β-lactam core, which could be broken
down in the presence of the β-lactamases enzymes. This phenomenon degrades the
hydrogel, thereby releasing drugs or biomolecules [185].

7.1.6. Multi-Stimuli Systems

Most biological systems can respond to a variety of stimuli. Supramolecular hydro-
gels with multi-stimuli responsiveness, including pH, temperature, light, enzymes, redox
potential, electric or magnetic field, or tiny molecules, have received a lot of attention.
These multi-stimuli-responsive hydrogels respond to two or more stimuli in a sequential
or concerted manner and can be used to control phase transition behavior. By employing
precursors that are responsive to multiple stimuli and harnessing host–guest interactions
to generate supramolecular hydrogels, it is possible to create multi-stimuli-responsive
systems. Supramolecular dendronized copolymers were prepared by Zou et al. that could
be regulated by the pH and the temperature for applications in drug delivery and tissue
engineering [186].

7.2. Molecular Simulations

The design of supramolecular systems was mostly carried out by trial and error, and
now the researchers have been trying to find quantitative (molecular) structure–property
relationships (QSPR) that would be useful in cases such as protein-drug binding. The
spatial resolution of experimental techniques is insufficient to provide information on the
exact conformation of the individual building blocks. In most cases, this means that the
packing of molecules can only be explained by combining a variety of experimental tech-
niques. The fact that the nanostructures frequently are dispersed in their solvent excludes
the use of common structural determination techniques such as X-ray crystallography or
solution-phase NMR. Hence, a variety of techniques such as light absorption (UV/Vis,
infrared (IR) and circular dichroism) and scattering (dynamic and static light scattering
(DLS/SLS)), wide or small-angle X-ray scattering (WAXS/SAXS), and small-angle neutron
scattering (SANS) are needed to be applied to gather small molecular conformations in-
formation to determine the intermolecular interactions. As most of these techniques are
time-consuming, measuring the averages and using empirical models developed to mimic
the macromolecular systems, there are high chances that the potentially important informa-
tion is missed, or false interpretations are made. Using classical molecular simulations is
one way to overcome these barriers. This computational method follows the movement of
individual atoms or molecules over time, eliminating the need for ensemble averaging and
mechanistic limitations [187].

Molecular simulations help us to create new self-assembling biomolecular systems
using in silico methods and directly validate spectroscopic or scattering results by directly
linking molecular simulation output with experimental observations. The molecular
dynamics technique (MD) can be employed to study the supramolecular self-assembly by
non-covalent interactions. All atoms (AA) are treated as interaction centers in MD and
related techniques, in which force fields such as AMBER, CHARMM, OPLS, and GROMOS
are applied, which can specify the configuration of the supramolecular aggregate and
can be calculated by quantum mechanics. Such techniques give us information about the
packing motifs, self-assembly pathways, and starter molecules.

However, all-atom models are frequently insufficient for reproducing crystal packing
and melting data, inefficient pH models, extensive sampling techniques, and the require-
ment of large computing resources. In such situations, coarse-grain (CG) force fields,
which connect groups of atoms into effective interaction centers, are employed. These
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force field techniques can address the large-scale self-assembly and can execute high-
throughput simulations. Often, both these force fields are compared and calibrated using
the regular analytical techniques such as microscopy, scattering techniques, NMR, and
Electron paramagnetic resonance (EPR) spectroscopies. They are also indirectly compared
for certain quantitative measurements such as the peptide secondary structure through IR
spectroscopy and electronic structure through UV/Vis spectroscopy [187].

7.3. 3-D Printing

3D printing is a rapidly evolving manufacturing technology that has the potential
to create 3D objects by depositing multiple layers of material. It was previously thought
to be primarily useful for prototyping, but recent advances in this field indicate that it is
now emerging as a disruptive technology capable of large-scale production scenarios. In
regenerative medicine, this technique can be instrumental in providing the solution for
scaffolds that can be structurally designed with specificity to location and biocompatible by
employing inks made up of safe biodegradable polymers. Owing to their tunable viscosities
and reversible mechanical properties, supramolecular polymers are ideal candidates for
use in hybrid jetting inks.

Moroni et al., in their review, described the biofabrication strategies that can be
employed to construct in vitro 3D tissue models from the mixture of biomaterials and cells.
They described that the supramolecular biomaterials are ideal bioinks for to their ability
to undergo shear thinning during flow due to the physical non-covalent bonds. Materials
such as β-cyclodextrin in modified hyaluronic acid polymers could be broken down during
extrusion and rapidly stabilized when deposited. Genetic material such as DNA also can
be used in combination with polypeptides, forming a supramolecular assembly that can
be easily broken down by the proteases and the nucleases. Natural biomaterials such as
alginate also can act as bases onto which the complimentary peptides can be grafted, which
protects the cells from external pressure during the extrusion.

Such hydrogel-forming systems are utilized to form the in vitro 3D tissue models
that could also be used to check the safety and efficacy of the therapeutic agents. These
models are mostly prepared as the cellular spheroids or the cell-laden hydrogel constructs
that mimic the native tissues structurally and functionally. For example, to prepare a skin
model, a hydrogel containing layers of melanocytes and keratinocytes could be considered.
This skin model could be used to study the safety of the chemical compounds. A bioink
consisting of human induced pluripotent stem cells can be utilized for making a liver model
and can be used for evaluating metabolic activities [188]. In addition to the tissue models,
researchers have been making 3D culture systems which are inducted biologically with the
ECM components such as chitosan, alginate, collagen, gelatin, or hyaluronic acid. These
models are being used for drug screening in the cases of disorders and diseases such as
cancers. The stromal cells such as fibroblasts, macrophages, mesenchymal stem cells, and
endothelial cells are co-cultured with the cancer cells to create the 3D models, to create
a more realistic tumor environment [189]. For example, to investigate tumor-targeting
drugs for neuroblastoma, an in-vitro 3D model was created by Kock et al. by co-culturing
neuroblastoma and fibroblast cell spheroids [190]. Similarly, a novel scaffold-free 3D
model was developed by a combination of pancreatic cells (PANC-1), endothelial cells, and
fibroblasts by Lazzari et al. They managed to combine the tumor and stromal components
for creating tumor spheroids for preclinical screening of drugs for pancreatic cancer [191].

Hart et al. described the use of a biodegradable poly(caprolactone) diol [Mn = 2000 Da]
that was added to a series of hydrogen-bonding moieties, resulting in a supramolecular
polymer with good solubility. A self-supporting twisted pyramid was also printed to show
that the method could be used to deposit more detailed structures. The polymers’ biocom-
patibility was also investigated, and cytotoxicity tests revealed that they were nontoxic
following ISO 10993-5 and 10993-12. Cell attachment was also investigated, and confocal
microscopy confirmed that the addition of hydrogen-bonding motifs to the biocompat-
ible poly(caprolactone) did not affect cell attachment [192]. Several factors govern the
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printing process; an assessment has been carried out by Sather et al. to find what factors
can contribute to the printability of the liquid crystalline supramolecular polymers. They
discovered that pH and salt concentration govern intermolecular interactions among self-
assembled structures, with lower charge densities on supramolecular polymers and higher
charge screening from the electrolyte, resulting in higher viscosity inks using a combination
of experimental techniques and molecular dynamics simulations [193]. Printing of the
supramolecular networks may lead to phase separation due to shear-induced in the pro-
cess. Rupp et al., in their research, found that the printability of the two poly(isobutylene)
[Mn = 8500–16,000 Da] can be enhanced by utilizing the nanocomposite form with silica
nanoparticles with no phase separation [194].

The 3D-printed biomaterials for tissue regeneration need to undergo conformational
changes according to the tissue structure with time. So, there has been a trend of 4D printing,
utilizing the 3D-printed materials which could respond to the external stimuli or the internal
tissue environment and transform over time. Many supramolecular systems could be used
to print the cell-laden constructs and can be loaded with drugs or biomolecules and can be
sensitized using various stimuli such as temperature, pH, electric fields, magnetic fields,
and light to release them into the tissue environment [195].

8. Conclusions and Future Perspectives

Supramolecular systems which rely on non-covalent interactions are preferred for their
unique properties such as thermodynamically reversible nature, self-healing properties,
functionalization into bioactive materials, incorporation of stimuli responsivity, and others
for tissue engineering. However, the challenge lies in the lack of robust materials that can
be employed.

Bio-macromolecule-based supramolecular systems have resolved many issues that
pertain to biocompatibility, but they are tough to produce at a larger scale with consis-
tent properties. Synthetically derived supramolecular systems, on the other hand, have
reduced batch-to-batch variations, and offer additional tailoring opportunities such as
chemical signaling, delivery modulation, and others. The reproducibility and robustness
of the preparation techniques affects the carrier capacity of these delivery systems and
the interference with many material, formulation and process variables throughout the
manufacturing and storage remains a bottleneck for these systems.

The preparation techniques are usually complicated and involve complex procedures
that could be handled only by scientists who are well versed in polymer chemistry and
medicine fields. The techniques are also required to be improved to increase the yield
output and the rate of the reactions. Novel techniques need to be developed which can make
scaffolds from a combination of the macromolecules which provide an easy translation into
the healthcare industry. The use of technologies such as 3D printing, molecular simulations,
and combinations thereof can further help the process of scalability and applicability in
this regenerative medicine. The improvement in the accessibility of these systems will
revolutionize the regenerative medicine field.

Even though there are many systems were successful in vitro and in vivo models,
the clinical translation is still challenging. The clinical studies require the safety and effi-
cacy to be evaluated and to take the long-term toxicity studies into consideration. Most
of the polymers that have been synthesized are new and would require quite a large
amount of significant clinical safety data in healthy volunteers before testing their effi-
cacy on the patients, which also remains as a big hurdle for commercializing these novel
therapeutic technologies.

Moving forward, these supramolecular systems may not only be limited to tissue re-
generation but also would be applied to other ailments and for personalized medicine with
the combination of medical devices and nanotheranostics. With the research on supramolec-
ular systems increasing exponentially, many more advancements are anticipated in this
emerging domain.
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Abbreviations

ECM Extracellular matrix
HDL High density lipoproteins
GML Glyceryl monolaurate
DDG 1-O-dodecyl- rac -glycerol
BMP-2 Bone morphogenetic protein 2
Apo A1 Apolipoprotein A1
LXR Liver X receptor
Fmoc Fluorenyl methoxycarbonyl
A Adenine
G Guanine
U Uracil
T Thymine
C Cytosine
PEG Polyethylene glycol
ChS-F Furfuryl amine grafted chondroitin sulfate
PAMAM Polyamidoamine
HA Hyaluronic acid
RGD Arginyl glycyl aspartic acid
MSC Mesenchymal stem cells
CD Cyclodextrins
TGF-β1 Transforming growth factor beta 1
CB[n] Cucurbit(n)urils
DNA Deoxyribonucleic acid
RNA Ribonucleic Acid
PLLA poly-L-lactic acid
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PCL polycaprolactone
PLA polylactic acid
PEO polyethylene oxide
BCP Block co-polymers
CMC Critical micellar concentration
UV Ultraviolet
NOE Nuclear Over Hauser effect
DOSY Diffusion-ordered NMR spectroscopy
NOESY Nuclear Over Hauser effect spectroscopy
ROESY Rotating frame nuclear Over Hauser effect spectroscopy
DLS Dynamic light scattering
DSC Differential scanning calorimetry
SEM Scanning electron microscopy
TEM Transmission electron microscopy
AFM Atomic force microscope
HGF hepatocyte growth factor
IGF-1 Insulin-like growth factor -1
TEC tubular epithelial cells
PDGF platelet-derived growth factor
EGF epidermal growth factor
DOPA 3,4-dihydroxyphenylalanine
ROS Reactive oxygen species
MD molecular dynamics
AMBER Assisted Model Building with Energy Refinement
CHARMM Chemistry at Harvard Macromolecular Mechanics
OPLS optimized potentials for liquid simulations
GROMOS Groningen Molecular Simulations
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Abstract: In the present study, L-serine (Ser)-modified poly-L-lysine (PLL) was synthesized to
develop a biodegradable, kidney-targeted drug carrier for efficient radionuclide therapy in renal cell
carcinoma (RCC). Ser-PLL was labeled with 111In/90Y via diethylenetriaminepentaacetic acid (DTPA)
chelation for biodistribution analysis/radionuclide therapy. In mice, approximately 91% of the total
dose accumulated in the kidney 3 h after intravenous injection of 111In-labeled Ser-PLL. Single-
photon emission computed tomography/computed tomography (SPECT/CT) imaging showed that
111In-labeled Ser-PLL accumulated in the renal cortex following intravenous injection. An intrarenal
distribution study showed that fluorescein isothiocyanate (FITC)-labeled Ser-PLL accumulated
mainly in the renal proximal tubules. This pattern was associated with RCC pathogenesis. Moreover,
111In-labeled Ser-PLL rapidly degraded and was eluted along with the low-molecular-weight fractions
of the renal homogenate in gel filtration chromatography. Continuous Ser-PLL administration over
five days had no significant effect on plasma creatinine, blood urea nitrogen (BUN), or renal histology.
In a murine RCC model, kidney tumor growth was significantly inhibited by the administration of
the beta-emitter 90Y combined with Ser-PLL. The foregoing results indicate that Ser-PLL is promising
as a biodegradable drug carrier for kidney-targeted drug delivery and efficient radionuclide therapy
in RCC.

Keywords: kidney-targeted delivery; radionuclide therapy; renal cell carcinoma; L-serine; yttrium (90Y)

1. Introduction

Renal cell carcinoma (RCC) is a kidney cancer originating in the lining of the proximal
tubules and is reputed to be the most lethal malignant urological tumor [1]. The current
standard treatments for RCC include inhibitors of tyrosine kinase, mTOR, and immune
checkpoints. As these therapies have several pharmacokinetic issues, however, their efficacy
and safety are questionable [2–4]. It is therefore necessary to develop a drug delivery system
(DDS) for the selective transport of therapeutic agents, particularly to the proximal tubule
associated with RCC pathogenesis. Nevertheless, it is difficult to develop a drug carrier
with high renal selectivity simply by using the conventional kidney-targeted approach
of DDS technology. Furthermore, there are few reports of the successful development of
renal-targeted DDS with superior efficacy and safety [5–7].

Recently, we observed that after L-serine (Ser)-modified polyamideamine (PAMAM)
dendrimer (Ser-PAMAM) was intravenously injected into mice, it accumulated in the
proximal tubules of the renal cortex. In Ser-PAMAM, multiple Ser moieties are covalently
bound to the PAMAM surface [8–10]. Ser is a biological component and its physicochemical

Pharmaceutics 2022, 14, 1946. https://doi.org/10.3390/pharmaceutics14091946 https://www.mdpi.com/journal/pharmaceutics53



Pharmaceutics 2022, 14, 1946

properties are well known. Thus, it is considered superior to conventional kidney-targeted
moieties in terms of safety and ease of synthesis. PAMAM is familiar as a novel artificial
dendritic macromolecular drug carrier and is anticipated for clinical use [11]. It is unknown,
however, whether Ser modification could be applied in a kidney-targeted delivery system
using linear macromolecular drug carriers. In addition, little is known about the biocom-
patibility and biodegradability of the inner core of the drug carrier in this kidney-targeted
drug delivery system.

In the present study, we selected linear poly-L-lysine hydrobromide (PLL) as a car-
rier backbone and modified it with Ser to obtain Ser-modified poly-L-lysine (Ser-PLL).
Ser-PLL consists almost exclusively of amino acids. Hence, it is expected to have high
biocompatibility and biodegradability.

The indium (111In) (imaging)/yttrium (90Y) (therapy) combination has been evaluated
in cancer radiotheranostics [12–14]. Recently, 111In/90Y-loaded ibritumomab (anti-CD20
antibody) thiuxetane was approval by the United States Food and Drug Administration and
has been used to treat CD20-positive relapsed or refractory low-grade B-cell non-Hodgkin’s
lymphoma and mantle cell lymphoma. In this formulation, ibritumomab is bound to
111In/90Y via the chelating agent (1-(2)-methyl-4-isocyanatobenzyl-diethylenetriamine-
N,N,N′,N”,N”-pentaacetic acid (MX-DTPA; thiuxetane) [15,16]. We hypothesized that an
imaging/therapy combination involving 111In/90Y may facilitate the development of an
innovative RCC treatment modality.

The aims of this study were to develop a biodegradable kidney-targeted drug carrier
using the amino acids Ser and Lys and evaluate its efficacy as a radionuclide therapy for
RCC. We endeavored to develop a kidney-targeted radiotheranostics system using Ser-PLL
with 111In/90Y via the chelating agent diethylenetriaminepentaacetic acid (DTPA). We
intravenously injected 111In-labeled Ser-PLL in mice and analyzed its tissue distribution.
We then assessed the efficacy of 90Y-labeled Ser-PLL at preventing increases in the number
of tumor cells in the kidneys of a mouse RCC model.

2. Materials and Methods

2.1. Chemicals and Reagents

Poly-L-lysine hydrobromide (PLL) (MW range = 4000–15,000) and polyamidoamine
(PAMAM) dendrimer with an ethylenediamine core (generation (G) 3) in methanol were
purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). Boc-Ser(tBu)-OH and HOBt
were purchased from Watanabe Chemical Industries (Hiroshima, Japan). Hexafluorophos-
phate benzotriazole tetramethyl uronium (HBTU) was purchased from Merck Millipore
(Burlington, MA, USA). Dimethyl sulfoxide (DMSO; super dehydrated grade), N,N-
dimethylformamide (DMF; super dehydrated grade), N,N-diisopropylethylamine (DIPEA),
piperidine, trifluoroacetic acid (TFA), triisopropylsilane (TIS), Turk’s solution, and poly-
L-lysine hydrobromide (MW range = 15,000–30,000) were purchased from Fujifilm Wako
Pure Chemical Industries Ltd. (Osaka, Japan). PD-10 was purchased from GE Healthcare
Japan (Tokyo, Japan). The 111InCl3 was supplied by Nihon Medi-Physics (Tokyo, Japan).
90YCl3 was purchased from Eckert Radiopharma (Berlin, Germany). DTPA anhydride was
purchased from Chemical Dojin Co., Ltd. (Kumamoto, Japan). All other chemicals were of
commercial reagent grade.

2.2. Animals

Male ddY mice (age 5 wks; average weight 25 g) and male Balb/c mice (age 5 wks;
average weight 20 g) were purchased from Japan SLC (Shizuoka, Japan). The animals
were maintained under conventional housing conditions. All animal experiments were
conducted according to the principles and procedures outlined in the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. The Animal Experimentation
Committee of the Kyoto Pharmaceutical University approved this experimental protocol.
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2.3. Synthesis of Ser-Poly-L-Lysine

Ser-PLL was synthesized by reacting Ser with PLL (MW range = 4000–15,000) using
the previously published HBTU-HOBt method with slight modifications [8,17] (Scheme S1).
Briefly, PLL (MW range = 4000–15,000) was coupled to its surface amino groups with 1.1 eq
(equivalent to the surface amino group of PLL) Boc-Ser(t-Bu)-OH in DMF/DMSO (3:1) by
mixing it with 1.1 eq HBTU, 1.1 eq HOBt, and DIPEA to adjust the pH to 8−9. The mixture
was stirred at room temperature until a ninhydrin test yielded negative results for thin-layer
chromatography (TLC) analysis. After the coupling, the reaction mixture was evaporated
and the product was dissolved in chloroform. The organic phase was washed three times
with 5% NaHCO3 and saturated with sodium chloride thrice. Then, the organic phase was
dried over anhydrous MgSO4 and vacuum-filtered and evaporated. The precipitates were
then dissolved in a trifluoroacetic acid (TFA) cocktail (95% (v/v) TFA, 2.5% (v/v) thioanisole
(TIS), and 2.5% (v/v) purified water) to deprotect the Boc and t-Bu groups and protect the
Ser oxygen atom. The mixture was then incubated at room temperature for 90 min. After
deprotection and evaporation, the crude precipitate was dispersed in ultrapure water. After
dialysis with ultrapure water overnight, the solution was lyophilized to obtain Ser-PLL,
which was identified using a 1H nuclear magnetic resonance (NMR) spectroscopy (AM-300
FT-NMR spectrometer; Bruker Corp., Billerica, MA, USA) in deuterated water (D2O). In
the PLL 1H NMR spectrum, peaks were observed at δ 4.18 (s, α–CH), 2.81 (m, ε–CH2),
1.82–1.05 (s, β–CH2, γ–CH2, and δ–CH2) [18]. In the Ser-PLL 1H NMR spectrum, the
peaks corresponding to Ser appeared at δ 3.72–3.85 (m, CH2), and the integral ratio of Ser
methylene protons to PLL methylene protons indicated that the desired product had been
obtained (the degree of modification of the Ser moiety linked to the amino groups of PLL
was approximately 97%) (Figure S1). As the polymerization degree of PLL is estimated to
be approximately 19–72 units with a MW range of 4000–15,000, these results indicate that
the average composition of Ser units of the obtained Ser-PLL was 45, with an approximate
Ser-PLL molar mass of 10 kDa.

Ser-PLL was then dissolved in phosphate-buffered saline (PBS) (pH 7.4), and its mean
particle diameter and zeta potential were measured with a Zetasizer PRO Blue Label
(Malvern Instruments, Worcestershire, UK). To synthesize high-MW Ser-PLL (Ser-PLL
(H)), we reacted PLL (MW = 15,000–30,000) with Boc-Ser(t-Bu)-OH using the preceding
methods. Ser-modified polyamidoamine dendrimer (G3) (Ser-PAMAM conjugating ~32 Ser
molecules) was synthesized and used as a control according to the previously reported
HBTU-HOBt method [8].

2.4. Tissue Distribution of 111In-Labeled Ser-Poly-L-Lysine

Ser-PLL was labeled with 111In using DTPA according to a previously published
method to determine the tissue distribution of Ser-PLL [19,20]. The 111In-labeled Ser-PLL
was intravenously injected at 1 mg/kg dose into the tail vein of each ddY mouse. At
appropriate time points after the injection, blood was collected from the abdominal vena
cava under isoflurane anesthesia. The liver, kidneys, spleen, heart, and lungs were excised,
rinsed with saline, blotted dry, and weighed. The blood was centrifuged at 2000× g for
5 min to obtain the plasma. The organ samples and 100 μL plasma were transferred
to counter tubes and their radioactivity levels were measured with a gamma counter
(1480 WizardTM 3′; PerkinElmer, Boston, MA, USA). The tissue distribution of PLL was
determined as previously described, using 111In-labeled PLL as a control.

2.5. In Vivo SPECT/CT Imaging of 111In-Labeled Ser-Poly-L-Lysine Tissue Distribution

Single-photon emission computed tomography/computed tomography (SPECT/CT)
was performed with a NanoSPECT/CT (Bioscan Inc., Washington, DC, USA) according to
a previously reported method [10]. Briefly, 111In-labeled Ser-PLL (15.6 MBq/mouse) was
intravenously injected into a ddY mouse. A CT scan of the mouse was performed under
isoflurane anesthesia for anatomical reference. Three hours after the injection, a 1-h SPECT
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scan was obtained under isoflurane anesthesia. The SPECT image was reconstructed and
analyzed with VivoQuant v. 5.1 (inviCRO, Hillsboro, OR, USA).

2.6. Intrarenal Distribution of FITC-Labeled Ser-Poly-L-Lysine

Ser-PLL was labeled with fluorescein isothiocyanate (FITC), as previously reported [8].
The FITC-labeled Ser-PLL was then injected into the tail vein of each ddY mouse. After
60 min, the kidneys were excised under isoflurane anesthesia, immersed with 30% sucrose
solution. After the immersion at 4 ◦C overnight, the kidneys were fixed with optimal
cutting temperature (OCT) compound, and frozen. The frozen kidney sections were stained
with 10 μg/mL of 4′,6-diamidino-2-phenylindole (DAPI) (Fujufilm Wako Pure Chemical
Industries Ltd.). The stained kidney sections were observed under a laser-scanning confocal
microscope (Nikon A1R, Nikon Corp.; Tokyo, Japan).

2.7. Biodegradability of Ser-Poly-L-Lysine

Ser-PLL biodegradability was evaluated using a previously published method,
with slight modifications [21]. Briefly, 111In-labeled Ser-PLL, 111In-labeled PLL (control),
111In-labeled PAMAM (G3) (control), and 111In-labeled Ser-PAMAM (G3) (control) were
intravenously injected at 1 mg/kg dose into the tail vein of each ddY mouse and the animals
were sacrificed 3 h later by abdominal vena cava amputation under isoflurane anesthesia.
Residual blood in each kidney was removed by passing saline through the left ventricle.
Each kidney was then immediately ice-cooled, combined with 4 mL purified water, and
homogenized. Saturated KCl solution (1 mL) was added to each kidney homogenate. The
suspension was allowed to stand at 4 ◦C overnight and then centrifuged. The supernatant
(1 mL) was eluted with a PD-10 column and 0.1 M acetate buffer (pH 6.0). The radioactivity
levels of each fraction (10 drops, 0.35 mL) were measured. The high- and low-MW fractions
were determined based on the elution patterns.

2.8. Ser-Poly-L-Lysine Nephrotoxicity in Mice

Ser-PLL (1 mg/kg/d) was continuously injected intravenously into the tail vein of
each ddY mouse for 5 d and acute nephrotoxicity was evaluated [8]. Six days after the first
intravenous injection, blood was collected from the vena cava, the kidneys were isolated
under isoflurane anesthesia, and the mice were sacrificed. Plasma creatinine was measured
with a commercially available kit (Lab Assay; Fujifilm Wako Pure Chemical Industries Ltd.).
Blood urea nitrogen (BUN) was measured with a commercially available kit (DIUR-100;
BioAssay Systems, Hayward, CA, USA). The kidneys were then excised, fixed with 4%
(v/v) buffered paraformaldehyde (PFA), and embedded in paraffin blocks. Then 5-μm
sections were cut with a microtome from the paraffin blocks. The kidney sections were
stained with hematoxylin and eosin (H&E), and hepatic injury was evaluated under a light
microscope (Biozero; KEYENCE, Osaka, Japan). HgCl2 was subcutaneously injected at a
dose of 8 mg/kg, and the mouse group bred for 2 d served as a positive control.

2.9. Effects of 90Y-Labeled Ser-Poly-L-Lysine on Tumor Growth in a Mouse Renal Cell Carcinoma Model

Ser-PLL was labeled with 90Y using DTPA and the method applied for 111In-labeling [14,19].
The RCC model was established using a previously published method with slight modifi-
cations [22]. Briefly, the RCC model was produced by injecting 2.5 × 105 firefly luciferase
gene-labeled Colon/26 (Colon26/Luc) cells along with Matrigel® matrix (Corning, NY,
USA) into the right renal cortex of each Balb/c mouse under isoflurane anesthesia. Then
PBS, free 90Y and 90Y-labeled Ser-PLL was immediately injected into the tail vein at a dose
of 0.3 MBq/mouse. After 14 d, blood was collected from each vena cava and the kidneys
were isolated under isoflurane anesthesia. The right kidney was homogenized in lysis
buffer and its luciferase activity was measured with a luminometer (Lumat LB9507; EG&G
Berthold, Württemberg, Germany). The cancer cells in each kidney were enumerated based
on the luciferase activity and by using a regression line, as previously reported [23,24].
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Blood was transferred to a microtube containing ethylenediamine-N,N,N′,N′-tetraacetic
acid dipotassium salt dihydrate (EDTA-2K) and diluted tenfold with Turk’s solution (Fuji-
film Wako Pure Chemical Industries Ltd.). The white blood cells were then enumerated
on a counting plate (Improved NEUBAUER; Elma Sales Co., Ltd., Saitama, Japan) under
a microscope [25]. Sections of the untreated left kidneys were examined, and plasma
creatinine was measured according to previously described methods.

2.10. Statistical Analysis

Statistical significance was analyzed using Student’s t-test for two independent groups
at a significance level of p < 0.05 and Dunnett’s test for multiple comparisons with p < 0.05
as the minimum level of significance.

3. Results

3.1. Physicochemical Properties of Ser-Poly-L-Lysine

Table 1 shows the physicochemical properties of Ser-PLL and PLL. The mean particle
diameters of PLL and Ser-PLL were 3.3 ± 0.5 and 4.1 ± 0.9 nm, respectively. The zeta
potentials of PLL and Ser-PLL were 8.9 ± 1.6 and 6.6 ± 3.7 mV, respectively.

Table 1. Physicochemical properties of poly-L-lysine and Ser-poly-L-lysine.

Compound Diameter (nm) Zeta Potential (mV)

Poly-L-lysine 3.3 ± 0.5 8.9 ± 1.6
Ser-poly-L-lysine 4.1 ± 0.9 6.6 ± 3.7

3.2. Tissue Distribution of 111In-Labeled Ser-Poly-L-Lysine

Figure 1 shows the tissue distribution of 111In-labeled Ser-PLL following intravenous
injection. Unmodified 111In-labeled PLL quickly disappeared from the plasma and was
distributed to the liver and kidneys to levels of ~39% and ~23% of the dose, respectively,
after 3 h. By contrast, 111In-labeled Ser-PLL accumulated mainly in the kidneys and ~91%
of the original dose was retained there. Kidney accumulation was inversely proportional to
the MW of Ser-PLL (Figures 1 and S2B). Ser-PAMAM accumulated mainly in the kidneys
to levels of ~84% after 3 h in a similar manner to our previous study (Figure S2A) [8].o levels of 84% after 3 h in a similar manner to our previous study (

Figure 1. Plasma concentrations and tissue distributions of 111In-labeled poly-L-lysine (PLL)
(A) and 111In-labeled Ser-poly-L-lysine (Ser-PLL) (B) after intravenous injection into mice. Data
are means ± SE for three mice. �, plasma; �, liver; �, kidney; �, spleen; �, heart; �, lung.

3.3. Biodistribution Imaging of 111In-Labeled Ser-Poly-L-Lysine

Figure 2 shows SPECT/CT images of tissue distribution of 111In-labeled Ser-PLL after
intravenous injection. The 111In-labeled Ser-PLL accumulated mainly in the renal cortex.
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Figure 2. SPECT/CT imaging 180 min after intravenous injection of 111In-labeled Ser-poly-L-lysine
(Ser-PLL) in mice. (A) 3D imaging; (B) sagittal plane; (C) coronal plane; (D) transverse plane.

3.4. Intrarenal Distribution of FITC-Labeled Ser-Poly-L-Lysine

An evaluation of the intrarenal accumulation by FITC labeling clearly displayed
fluorescence intensity derived from FITC-labeled Ser-PLL in the renal cortex (Figure 3A)
but none in the renal medulla (data not shown). Enlarged microscopic images of the renal
cortex exhibited high fluorescence intensity derived from FITC-labeled Ser-PLL in the
proximal tubules (Figure 3B).

Figure 3. Intrarenal distribution of FITC-labeled Ser-poly-L-lysine (Ser-PLL) in tissue sections 60 min
after intravenous injection into mice. (A) Renal cortex (scale bar = 200 μm) and (B) magnified image
of cortex (scale bar = 25 μm). Fluorescence intensity was observed under a laser-scanning confocal
microscope.

3.5. Ser-Poly-L-Lysine Biodegradability

The biodegradability of 111In-labeled Ser-PLL was evaluated using the elution profiles
of 111In-radioactivity recovered from the kidney homogenates (Figure 4). Relatively high
111In-radioactivity was detected in the high-MW fractions after the elution of intact 111In
-labeled Ser-PLL, PLL, Ser-PAMAM, and PAMAM. The 111In-radioactivity partially shifted
to the low-MW fraction. Nonetheless, it remained in the high-MW fraction after the elution
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of the kidney homogenates derived from mice injected with 111In-labeled Ser-PAMM
and PAMAM (Figure 4A,B). In contrast, the 111In-radioactivity shifted to the low-MW
fraction after the elution of the kidney homogenates derived from the mice injected with
111In-labeled Ser-PLL and PLL (Figure 4C,D).

Figure 4. Gel filtration patterns of 111In-radioacticity in kidney homogenates from mice injected
with 111In-labeled polyamidoamine (PAMAM) (A), 111In-labeled Ser-PAMAM (B), 111In-labeled
poly-L-lysine (PLL) (C), and 111In-labeled Ser-poly-L-lysine (Ser-PLL) (D). �, pre-injection (intact
compounds); �, 180 min post-injection.

3.6. Ser-Poly-L-Lysine Nephrotoxicity

Figure 5 shows the renal toxicity of Ser-PLL after continuous intravenous injection in
mice. HgCl2 administration significantly increased the nephrotoxicity indicators plasma
creatine and BUN. By contrast, Ser-PLL did not increase the foregoing biomarkers after
continuous intravenous injection for 5 d (Figure 5A,B). The kidney sections disclosed severe
gap junction damage and necrosis (arrows) after the HgCl2 treatment. However, Ser-PLL
had negligible adverse effects on renal structure, and the tissue from Ser-PLL-treated mice
was similar to that from PBS-treated and naïve mice (Figure 5C).

3.7. Therapeutic Potential and Safety of 90Y-Labeled Ser-Poly-L-Lysine in Mouse Model of Renal
Cell Carcinoma (RCC)

Figure 6 shows the therapeutic potential of 90Y-labeled Ser-PLL in a mouse RCC model.
Intravenously injected free 90Y had a negligible effect on kidney tumor growth. By contrast,
intravenously injected 90Y-labeled Ser-PLL significantly suppressed any increase in the
number of kidney tumor cells.

Intravenously injected free 90Y had a negligible effect on the white blood cell counts but
significantly increased plasma creatine. In contrast, intravenously injected 90Y-labeled Ser-
PLL had a negligible effect on plasma creatine or the white blood cell counts (Figure 7A,B).
Partial glomerular damage and necrosis (arrow) was observed in the kidney sections of the
free 90Y group. By contrast, no severe damage was detected in the kidney sections of the
90Y-labeled Ser-PLL group (Figure 7C).
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Figure 5. Plasma creatinine (A) and BUN (B) levels after continuous intravenous Ser-poly-L-lysine
(Ser-PLL) injection for 5 d. Data are means ± SE for ≥ three mice. ** statistically significant difference
compared with the naïve group (p < 0.01). (C) Histological examination of kidneys of mice in the
naïve group (a), PBS (b), HgCl2 (c), and Ser-poly-L-lysine (Ser-PLL) (d). (scale bar = 100 μm).

Figure 6. Effects of 90Y-labeled Ser-poly-L-lysine (Ser-PLL) on kidney tumor growth after tumor
induction and intravenous injections. Number of Colon26/Luc cells in kidneys of mice intravenously
injected either with free 90Y or with 90Y-labeled Ser-poly-L-lysine (Ser-PLL). Mice were sacrificed
14 d after tumor inoculation. Data are means ± SE for seven mice. * statistically significant difference
compared with PBS group (p < 0.05).
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Figure 7. Plasma creatinine (A) and white blood cell counts (B) after intravenous injection of 90Y-
labeled Ser-poly-L-lysine (Ser-PLL) at 0.3 MBq/mouse into mice inoculated with Colon26/Luc cells
in right kidney cortex. (C) Histological examination of left kidneys of mice injected with 90Y-labeled
Ser-poly-L-lysine (Ser-PLL) at 0.3 MBq/mouse and inoculated with Colon26/Luc cells in right kidney
cortex. PBS (a), free 90Y (b), 90Y-labeled Ser-poly-L-lysine (Ser-PLL) (c). (scale bar = 100 μm) Mice
were sacrificed 14 d after tumor induction. Data are means ± SE of ≥ three mice. * statistically
significant difference compared with PBS group (p < 0.05).

4. Discussion

In the present study, we successfully developed and evaluated Ser-PLL as a biodegrad-
able kidney-targeted drug carrier to be administered as radionuclide therapy for renal
cell carcinoma (RCC). We previously reported that Ser-PAMAM accumulated mainly in
the kidneys, and the hydroxyl and amino groups of Ser play important roles in kidney
targeting [8]. For this reason, we coupled the amino groups of PLL with the carboxyl
groups of Ser to form Ser-PLL, which bears both hydroxyl and amino groups. Ser-PLL
had slightly greater kidney accumulation than Ser-PAMAM (Figure S2A), possibly because
the estimated average number of conjugated Ser residues was 45 in Ser-PLL, whereas
Ser-PAMAM conjugated only 32. The number of conjugated Ser residues is proportional
to renal affinity [8]. These results indicate that Ser modification could be applied in a
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kidney-targeted delivery system using linear macromolecular drug carriers in addition to
branched macromolecular drug carriers.

Kidney targeting is challenging because most drug nanocarriers are trapped in the
hepatic and splenic reticuloendothelial systems. It is essential to maintain the balance
between target site affinity and non-target site elimination [26,27]. Here, the hydroxyl
groups of Ser might have eluded recognition by the hepatic and splenic reticuloendothelial
systems as they are readily hydrated and induce a cage effect against the reticuloendothelial
system [28]. In our previous study, we demonstrated that Ser-PAMAM was distributed
in the proximal tubules via glomerular filtration. Micropinocytosis and caveola-mediated
endocytosis have been implicated in the affinity of Ser-PAMAM for proximal tubules [8].
Therefore, we postulate that Ser-PLL is distributed in the proximal tubules in the same man-
ner as Ser-PAMAM, due to the size of Ser-PLL (~5 nm), which is smaller than the glomerular
filtration size cutoff (10 nm) [29–31]. Moreover, both Ser-PLL and Ser-PAMAM have the
same surface functional groups. The foregoing results of Ser-PLL (PLL MW = 4000–15,000)
(Figure 1) and the low renal accumulation of Ser-PLL (H) (PLL MW range = 15,000–30,000)
(Figure S2B) suggest that Ser-PLL (PLL MW = 4000–15,000) is the optimal size for kidney-
targeted delivery mediated by glomerular filtration.

Post-elution 111In radioactivity detection by gel filtration chromatography was estab-
lished as a method to assess the biodegradability of macromolecular drug carriers [21].
Akamatsu et al. (1998) evaluated the biodegradability of poly-L-glutamic acid (PLGA)
and PLL using the aforementioned system and demonstrated that PLGA and PLL were
degraded and eluted in the low-MW fractions of gel filtration chromatography [21]. This
finding was in good agreement with the results for unmodified PLL in the present study
(Figure 4C). Ser-PLL is a polymeric bilayer with two different types of amino acids. Its
surface Ser layer was released into the kidneys at 3 h after intravenous injection (Figure 4D).
Gel filtration chromatography of unmodified PLL and Ser-PLL, together with the results
of quick kidney distribution (Figure 1), indicated that both substances were digested in
the kidneys within 3 h after their distribution. Ser-PAMAM was synthesized by coupling
Ser with PAMAM via the same amido linkage as Ser-PLL. Nevertheless, these two con-
jugates differed in terms of the release rates of their surface Ser layers. Ser-PLL released
its surface Ser layer faster than Ser-PAMAM (Figure 4B,D) possibly because the dendritic
structure of Ser-PAMAM partially blocked peptidase access and, by extension, conjugate
digestion in the kidneys. These discoveries, along with the fact that unmodified PAMAM
is more slowly biodegradable than unmodified PLL (Figure 4A,C), indicate that Ser-PLL
has superior biodegradability to dendritic Ser conjugates.

The 90Y isotope is a β-emitter with a high endpoint energy. It is classified as a first-
order unique forbidden emitter and is expected to be suitable for radionuclide therapy
against various tumor cells [12–14]. As 90Y beta rays do not penetrate from outside the
body, however, it is impossible to confirm their tissue distribution by imaging. Therefore,
111In was selected for the tissue distribution analysis as it is a gamma-nucleus species with
high penetrating power, imageable gamma rays, and a physical half-life near that of 90Y.
It was confirmed from the results of the animal experiments that there was no significant
difference between 111In and 90Y [12,13] in terms of their in vivo tissue distributions. Hence,
both 90Y-labeled Ser-PLL and 111In-labeled Ser-PLL would be similar in this respect. In
the mouse RCC model, cancer cells were inoculated into the proximal tubules and their
vicinity in the renal cortex as these structures are associated with RCC pathogenesis.
Here, specific kidney renal cortex distributions of 111In-labeled Ser-PLL were observed.
According to the intrarenal distribution study, FITC-labeled Ser-PLL accumulated mainly in
the proximal tubules. Thus, we postulate that 90Y-labeled Ser-PLL would also accumulate
in the proximal tubules, where the tumor localizes. Furthermore, beta-rays suppressed
kidney tumor growth.

It was reported that 90Y readily induces bone marrow depression (BMD) [14]. How-
ever, neither free 90Y nor 90Y-labeled Ser-PLL affected the white blood cell counts here.
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Therefore, the beta ray energy derived from 90Y fell below the BMD threshold. Moreover,
the selective renal distribution of Ser-PLL also avoided inducing BMD.

It was previously reported that glomerular capillary endothelial and mesangial cells
play important roles in the pathogenesis of radiation-induced nephropathy. In addition, 90Y
caused radiation damage mostly in the glomeruli [32]. Based on the tissue and intrarenal
distribution analyses performed here, Ser-PLL should pass through the glomeruli after
intravenous injection. Hence, we suggest that the glomerular distribution and radiation
nephrotoxicity of 90Y could be avoided by using Ser-PLL. Detailed toxicological studies
on 90Y-Ser-PLL are required before it can be clinically applied. Notwithstanding, the
results of this work indicated that 90Y-labeled Ser-PLL effectively suppresses renal tumor
growth while attenuating 90Y nephrotoxicity. To the best of our knowledge, this is the first
study to demonstrate suppression of renal tumor growth by kidney-targeting of 90Y after
intravenous injection.

5. Conclusions

The present study demonstrated that Ser modification was effective in kidney-targeted
drug delivery using a linear PLL as the drug carrier core. Ser-PLL selectively accumulated
in the renal proximal tubules which are the sites of renal cell carcinoma (RCC) pathogenesis.
Ser-PLL had higher biodegradability than the dendritic Ser conjugate. Renal tumor growth
was effectively suppressed by 90Y-mediated kidney targeting via Ser-PLL. The foregoing
findings indicate that Ser-PLL is promising as a biodegradable kidney-targeted drug carrier
for radionuclide therapy against RCC.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14091946/s1. Scheme S1: Ser-poly-L-lysine (Ser-
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high-MW Ser-poly-L-lysine (Ser-PLL(H)) wherein poly-L-lysine (MW range = 15,000–30,000) was
conjugated with Ser after intravenous injection into mice. Data are means ± SE for three mice. �,
plasma; �, liver; �, kidney; �, spleen; �, heart; �, lung. * statistically significant difference compared
with Ser-PAMAM group (p < 0.05).
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Abstract: The research on flavonoids has exponentially grown since their first therapeutic evidence,
in 1937. They are effective in vitro in a wide range of human diseases, particularly those mediated by
free radicals, such as cancer, atherosclerosis, AIDS, or neuronal diseases. However, their applications
have been reduced due to their low solubility, poor absorption, and rapid metabolism. Flavonoid
encapsulation in nanocarriers significantly improves their oral absorption, protects the drug against
degradation, decreases the first-pass hepatic effect, and makes absorption through the lymphatic
system easier. In this work, carbon nanotubes were used as nanocarriers of 7-hydroxyflavone, 7-HF.
The encapsulation of 7-HF into pristine single- and multi-walled carbon nanotubes, and into -COOH
functionalized single-walled carbon nanotubes has been investigated. The equilibrium association
constants were estimated. The structural backbone of 7-HF, two benzene rings linked through three
carbon atoms that form a pyran heterocyclic ring containing a keto group, seems to play a key role in
the 7-HF/CNT interactions, although other types of interactions are also at work. The in vitro release
of 7-HF was studied at three pHs, 2.0, 7.4, and 9.2, mimicking the different biological barriers of the
human organism.

Keywords: 7-Hydroxyflavone; single-walled carbon nanotubes; multi-walled carbon nanotubes;
encapsulation; equilibrium binding constants; drug release

1. Introduction

Flavonoids are polyphenolic phytochemicals, formed from the secondary metabolism
of plants. They present a wide range of structures and contribute to the nutritional and
organoleptic properties of edible plants, vegetables, fruits, and some beverages, such as
coffee, tea, beer, or wine [1–3]. Flavonoids can be classified into various groups: flavones,
flavanones, flavonoids glycosides, flavonolignans, flavanas, isoflavones, anthocyanidins,
aurones, leucoanthocyanidines, neoflavonoids, and chalcones [4]. All flavonoid groups
have several therapeutic activities [5], but among them, flavones have been extensively
studied due to their anti-inflammatory [4], antimicrobial [6], antioxidant [7], or antitumor
activities [8,9]; being used in the treatment of a wide range of human diseases, such as
atherosclerosis, diabetes, cancer, Alzheimer’s disease, etc.

7-Hydroxyflavone, 7-HF, has the structure shown in Figure 1. Its basic structural
feature is the benzo-c-pyrone (C6–C3–C6) skeleton. This C6–C3–C6 skeleton consists of
two aromatic rings (rings A and C) linked through a linear three-carbon chain which
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formed a closed pyran ring (ring B), where a keto group is present. A hydroxyl group
can be found in position 7. Despite 7-HF having a low antioxidant activity measured
through methods such as DPPH, 7-hydroxyflavone has been shown to be effective against
nicotine-associated oxidative stress [10]. This is so because, although the most frequent
mechanism of flavones’ antioxidant activity involves the scavenging of reactive oxygen
species (ROS) and peroxynitrite, they can exert an indirect antioxidant activity through
the transcriptional induction of genes with antioxidant properties. 7-HF has been found
to inhibit lipopolysaccharides-induced inflammation via attenuating the production of
NO, prostaglandin E2, PGE2, tumor necrosis factor α, TNF-α, and interleukin 6, IL-6,
which are mediators in the inflammatory processes accompanying several diseases such
as arthritis [11,12]. 7-HF also exerts a cytotoxic and antiproliferative effect on leukemia
H60 cells [13] and inhibits the replication of the enterovirus 71, which causes the hand,
foot, and mouth disease, an infection affecting many children in Asia [14]. The neuropro-
tectant activity of 7-HF, important in relation to aging-associated neurological diseases,
has also been investigated [15]. Notwithstanding the therapeutic properties, 7-HF has a
low solubility in water, which limits its applications due to poor absorption and rapid
metabolism. The encapsulation of this flavone in suitable nanocarriers can substantially
increase its solubility, thus improving oral absorption, protecting 7-HF from degradation,
and enhancing its therapeutic effects.

Figure 1. Structure of 7-hydroxyflavone, 7-HF.

Several types of nanocarriers had been used to encapsulate and, subsequently, release
drugs in the therapeutic target [16–19]. One of those types are carbon nanotubes, CNTs.
They are constituted by pure carbon atoms, present in a repetitive hexagonal pattern for
cylindrical tubes. They were discovered by Ijima [20] as an allotropic form of carbon by the
electric arc discharge of graphitic materials at a high temperature. CNTs can be described
as folded forms of graphenes, which are single-layered graphitic sheets. CNTs can be
classified into single-walled carbon nanotubes, SWCNTs, double-walled carbon nanotubes,
DWCNTs, multi-walled carbon nanotubes, MWCNT, and functionalized carbon nanotubes,
f-CNTs [21]. SWCNTs are formed by the folding of one single graphene sheet; in the case
of DWCNTs, two sheets of graphene are folded upon each other; and, for MWCNTs, 2
to 10 sheets of graphene are folded into each other or a single sheet is rolled to produce
a multi-walled structure (see Figure 2). The functionalization of the CNTs is achieved by
a synthetic process with the goal of changing some properties of pristine CNTs, such as
water solubility.
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SWCNT DWCNT MWCNT 

Figure 2. Structure of carbon nanotubes, CNTs.

CNTs have several characteristics which make them interesting for their use in drug
delivery applications: high inner volume, ability for the immobilization of many species,
and excellent functionalization ability, accompanied by their biocompatibility [21]. In fact,
they have been used in cancer treatment, theranostic applications, and the delivery of
therapeutic molecules, such as proteins, peptides, RNA, DNA, siRNA, etc. [22–26]. With
this in mind, and with the goal of improving the bioavailability of 7-HF, in this work,
the binding of 7-hydroxyflavone to single- and multi-walled carbon nanotubes has been
investigated. It is important to point out that, as was mentioned above in the Introduction,
7-HF has important therapeutic properties, which make its encapsulation in adequate
nanocarriers an issue worth investigating. The equilibrium association constants were
estimated by considering the changes in the flavone emission fluorescence intensity upon
increasing the CNTs’ concentration. Pristine MWCNTs and SWCNTs were used, as well
as the functionalized SWCNTCOOH. Subsequently, the in vitro release of 7-HF from the
CNTs was studied at pHs 2.0, 7.4, and 9.2, mimicking the different biological barriers in a
human organism.

2. Materials and Methods

2.1. Materials

7-Hydroxyflavone (purity > 98%), the organic solvents (purity > 99.9%) used, as well
as all the components of the buffer solutions prepared (with the highest purity available),
were purchased from Sigma (Darmstadt, Germany). Pristine and functionalized SWCNTs
were obtained from NanoLab Inc. (Waltham, MA, USA), both of them with a 1–5 μm length
and 1.5 nm diameter. MWCNTs were supplied by Dropsens S.L. (Oviedo, Spain), with a
1.5 μm length and 10 nm diameter.

2.2. Preparation of Buffer Solutions

The buffer solution at pH = 9.2 was prepared with NaH2PO4 and Na2HPO4, at
concentrations of 3.7 mM and 96.3 mM, respectively. The pH was adjusted using a pH-
meter Basic 20+ from Crison (Barcelona, Spain).

The neutral buffer solution Tris/HCl, pH = 7.4, was 22.7 mM in tris(hydroxymethyl)
aminomethane and 9.8 mM in HCl. The pH was adjusted with the above-mentioned
pH-meter.

The acid buffer solution NaCl/HCl, pH = 2.0, was 8.06 mM in NaCl and 1.9 mM in
HCl. The pH was adjusted with the above-mentioned pH-meter.

All solutions were prepared with deionized water (from a Millipore Milli-Q system,
Darmstadt, Germany), with a conductivity < 10−6 S m−1.

2.3. In vitro Cytotoxicity Assays

The cytotoxicity of the CNTs, at different concentration values, was estimated in vitro
using the CyQUANT™ LDH cytotoxicity assay [27]. Several cell lines from a commercial
supplier (ATCC®, Manassas, VA, USA) were used, Vero E6 (normal monkey kidney ep-
ithelial cells), HeLa (human cervical carcinoma epithelial cells), U937 (human leukemia
monocytic cells), THP-1 (human leukemia monocytic cells), and Jurkat (human T leukaemia
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cells). Each cell line was seeded at 10 × 104 cells/well into Nunc flat-bottomed 96-well
plates (ThermoFisher Scientific, Waltham, MA, USA), using complete D-10 or R-10 (Dul-
becco’s modified Eagle medium (DMEM) or Roswell Park Memorial Institute (RPMI)
supplemented with 10% of fetal bovine serum (FBS), and penicillin, streptomycin, and
L-glutamine), incubated at 37 ◦C in 5% CO2, and used the following day (75 to 90% conflu-
ence). The FBS used in all experiments was heat inactivated (56 ◦C, 30 min) prior to use to
eliminate complement activity. CNT solutions at different concentration values were added
to each well and the plates were incubated for 36 h at 37 ◦C in 5% CO2. Controls D-10 or
R-10 medium alone were used as the negative control. An amount of 10 μL of 10X Lysis
Buffer, and 10 μL of sterile ultrapure water were added to each set of triplicate wells, and
used as the Maximum LDH Activity and Spontaneous LDH activity, respectively. Later,
the medium from each well was collected by centrifugation of the plate and used to test
the cytotoxicity of the CNT solutions using the CyQUANT™ LDH Cytotoxicity Assay Kit
according to the manufacturer’s instructions (Invitrogen™ from Thermo Fisher Scientific,
Waltham, MA, USA). The cytotoxicity was measured by fluorescence in a CLARIOstar®

(BMG LABTECH, Allmendgrün, Ortenberg, Germany). Each CNT concentration was
measured in triplicate and the tests were repeated thrice independently. The cell viability
was calculated by using Equation (1):

% Cell viability = 100 −
([

Compound − treated LDH activity − Spontaneous LDH activity
Maximum LDH activity − Spontaneous LDH activity

]
× 100

)
(1)

Cell viability values were also checked by trypan blue method [28] and no significant
differences were observed.

2.4. Fluorescence Measurements

Fluorescence emission spectra of 7-HF were registered in a Hitachi 2500 spectrofluo-
rimeter, connected to a Lauda water flow thermostat to keep the temperature constant at
298.0 ± 0.1 K. A quartz cell of 10 mm path length was used.

The excitation wavelength was λ = 350 nm and the spectra were recorded from λ = 400
to λ = 650 nm. The maximum fluorescence emission intensity was measured at λ = 526.nm.
The excitation and emission slits were 2.5 and 5 nm, respectively.

2.4.1. Fluorescence Emission Intensity Calibration Curves

A concentrated 7-HF solution, 5.04·10−4 M, in ethanol was prepared. This solution
was kept at 4 ◦C in the dark in order to avoid the flavone degradation. Three calibration
curves were obtained, each one for the three different pH conditions. 7-HF solutions of
known concentrations, within the range 2.52·10−7–2.02·10−5 M, were prepared as follows.
An adequate aliquot of the ethanolic concentrated 7-HF solution was added to a 10 mL
flask. The organic solvent was evaporated with an air flow and, subsequently, the buffer
was added up to the calibration mark. The flask was then introduced in a sonicator for
20 min, in darkness. In this way, the flavone is totally dissolved in the buffer solution.
Once the fluorescence emission intensity of each solution is measured at λ = 526 nm, the
calibration curve is obtained. Temperature was kept at 298.0 ± 0.1 K.

2.5. Encapsulation of 7-HF in the CNTs

The encapsulation of 7-HF in the different CNTs investigated was carried out at pH
= 7.4 (buffer Tris/HCl), keeping the flavone concentration constant at 1.50·10−5 M and
varying the CNT concentration within the range 0–0.35 g/L for the SWCNTs, 0–0.22 g/L
for the MWCNTs, and 0–0.10 g/L for the SWCNT-COOH. First, an adequate aliquot of the
ethanolic flavone solution was added to an Eppendorf tube of 2 mL. After evaporating the
organic solvent with an air flow, 2 mL of a CNT solution of a known concentration, in a
Tris/HCl buffer, was added to the Eppendorf tube. Afterwards, the tube was sonicated
for 20 min in darkness. Finally, the tube was centrifuged at 13,500 rpm for 30 min. Once
the supernatant was separated, the fluorescence emission intensity was measured, at

69



Pharmaceutics 2022, 14, 2806

298.0 ± 0.1 K, under the working conditions indicated in Section 2.4. In this way, the
amount of 7-HF not bound to the CNTs can be known by using the calibration curve at
pH = 7.4.

2.6. Encapsulation Efficiency

The encapsulation efficiency was calculated by using the following equation:

%7 − HFencapsulated =

(
1 − msupernatant

7−HF

mtotal
7−HF

)
·100 (2)

where msupernatant
7−HF is the amount of the flavone left in the supernatant when the 7-HF bound

to the CNTs was removed, and mtotal
7−HF is the total amount of flavone initially added in

the Eppendorf tube. msupernatant
7−HF was estimated by measuring the fluorescence emission

intensity at λ = 526 nm and 298.0 ± 0.1 K, as was mentioned above.

2.7. Zeta Potential Measurements

The zeta potential, ξ, was determined by using a Zetasizer Nano ZS Malvern Instru-
ment Ltd. (UK). The samples were diluted with filtered water to an adequate concentration.
A scattering angle of 90◦ was used in the size distribution analysis. All measurements were
carried out at 298.0 K. At least six measurements were obtained for each sample and the
average value (standard deviation) was considered.

2.8. In Vitro 7-HF Release

With the goal of studying the 7-HF release from the CNTs, a method described else-
where was used [29]. An adequate aliquot of the 7-HF ethanolic solution was added to
a 2 mL flask. The organic solvent was evaporated with an air flow. Afterwards, a buffer
solution was added up to the calibration mark. Then, the flask, in darkness, was sonicated
for 20 min to make sure all the flavone was dissolved in the buffer solution. The 7-HF
concentration in the buffer solution was 2.52·10−4 M. This flavone solution will be called
solution A.

In a 2 mL Eppendorf tube, 2 mg of CNTs were weighted and then, 2 mL of solution A
were added to the tube, which was sonicated for 30 min in darkness and, subsequently, it
was centrifuged at 13,500 rpm for 30 min. The supernatant was separated and the CNTs
with the bound 7-HF were dried under vacuum by using an Eppendorf Concentrator
Plus from Eppendorf Ibérica (Madrid, Spain) for 45 min. The 7-HF concentration in the
supernatant was estimated measuring the fluorescence emission intensity of the solution
at λ = 526 nm and using the corresponding calibration curve, depending on the pH of
the medium. In this way, the amount of 7-HF not bound to the CNTs can be estimated
and, therefore, that of the CNTs’ associated 7-HF (7-HF/CNT). Finally, 1.8 mL of the buffer
solution was added to 10 mg of the dried 7-HF/CNT complexes within the Eppendorf
tube, which was maintained under continuous magnetic stirring (200 rpm) in darkness.
At determined time intervals, approximately 24 h, the tube was centrifuged at 13,500 rpm
for 30 min. Subsequently, 1 mL of supernatant was removed, and the same volume of
the corresponding buffer replaced in the Eppendorf tube. This is a way of mimicking
the in vivo removal into the systemic circulation. The Eppendorf tube was put under
continuous magnetic stirring, always in darkness, to avoid 7-HF photodegradation. The
emission fluorescence intensity of the supernatant sample was measured at 526 nm in order
to calculate the flavone concentration using the corresponding calibration curve.

Each experiment was conducted by triplicate. In addition, the release was studied at
pHs 2.0, 7.4, and 9.2, simulating the different biological barriers in our organism.
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2.9. Statistical Analysis

Values are expressed as the mean ± standard errors of separate experiments. Statistical
analysis was performed with Student’s t-test and One-way analysis of variance (ANOVA).
When p < 0.05 (95% confidence), the differences were considered as significant.

3. Results and Discussion

3.1. Fluorescence Emission Intensity Calibration Curves for 7-HF at Different pHs

The fluorescence emission intensity calibration curves at different pHs were obtained
as detailed in Section 2.4.1. They are shown in Figure 3. In all cases, straight lines with
good correlation coefficients were observed.

Figure 3. Fluorescence emission intensity calibration straight lines for 7-HF at different pHs. (a) pH =
2.0; (b) pH = 7.4; (c) pH = 9.2. T = 298.0 ± 0.1 K.

3.2. Cytotoxicity of CNTs

It is important to have information about the toxic character of any nanosystem being
used as a drug carrier. Bearing this in mind, the cytotoxicity measurements of the SWCNT,
MWCNT, and MWCNT were investigated using the cell lines Vero E6 (normal monkey
kidney epithelial cells), HeLa (human cervical carcinoma epithelial cells), U937 (human
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leukemia monocytic cells), THP-1 (human leukemia monocytic cells), and Jurkat (human T
leukaemia cells). The results are shown in Figure 4.

Figure 4. Cell viability of different carbon nanotubes in normal and cancer cell lines.
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Figure 4 shows that the CNTs are non-toxic for the normal cell line Vero E6, even
for concentrations well above those used in this work. The SWCNTs begin to be toxic for
the U937 and Jurkat lines for [SWCNT] > 0.156 g L−1, although at higher concentrations
the toxicity is highest for the HeLa cancer line. The THP-1 cancer cell line is not much
affected by the presence of these carbon nanotubes. The MWCNTs are non-toxic for the
normal cell lines within the concentration range studied, as in the case of the SWCNTs.
The former are particularly toxic for the U937 cell line for [MWCNT] > 0.156 g L−1. For
subsequent increases in [MWCNT], they are also toxic for the Jurkat cell lines and, only
at high MWCNT concentrations, the CNTs are toxic for the HeLa cell line. As in the case
of the SWCNT, the THP-1 is practically not affected for the MWCNTs. With regard to the
SWCNTCOOH, these carbon nanotubes are non-toxic, within a wide concentration range,
for all the cell lines investigated.

3.3. Encapsulation of 7-HF in CNTs

Following the methodology described in Section 2.4 and using Equation (2), it is
possible to calculate the amount of flavone encapsulated for each CNT concentration at pH
= 7.4. Figure 5 shows the dependence of I/Io on the CNT concentration, where I and Io are
the emission fluorescence intensities at λ = 526 nm of the 7-HF solutions in the presence and
in the absence of the CNTs, respectively. Since the encapsulation percentage of 7-HF bound
to the CNTs is proportional to I/Io, the data in Figure 4 indicate that the amount of 7-HF
associated depends on [CNTs], following a sigmoidal function for the three types of CNTs
investigated. The sigmoidal dependence of I/Io on the CNT concentration indicates that
the association between 7-HF and the CNTs is cooperative. This means that the binding of
one 7-HF molecule favors the association of a new flavone molecule to the CNTs and so
on [30]. Table 1 summarizes the CNT concentrations for which a complete encapsulation
of 7-HF is reached. At this point, it is worth noting that the interaction is expected to
occur between the aromatic rings of the flavone and the cloud of π electrons at the CNT
surfaces. However, since these interactions would be operative in all the CNTs studied, the
differences observed point out that other interactions should be at work. This issue will be
considered below.

Figure 5. Dependence of I/Io (526 nm) on CNT concentration at pH = 7.4. Solid lines are the result of
fitting the experimental data to Equations (4) and (5). T = 298.0 ± 0.1 K.
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Table 1. CNT concentration necessary to completely encapsulate the 7-HF at pH = 7.4.

100% 7-HFencapsulated

pH = 7.4 [SWNCTs]/g·L−1 [SWCNT-
COOH]/g·L−1 [MWNCTs]/g·L−1

[7-HF] = 1.51·10−5 M 0.20 0.025 0.090

With the goal of quantifying the 7-HF/CNT interactions, the equilibrium binding
constant of 7-HF to the three types of CNTs, K, was calculated. The equilibrium can be
written as:

7 − HF + CNTs � 7 − HF/CNT (3)

Therefore:

K =
[7 − HF/CNT]
[7 − HF][CNT]

(4)

The dependence of I/Io, on [CNTs] can be expressed, considering the Pseudophase
Model, as follows [31]:

I/Io =
(I) f + (I)bK[CNT]

1 + K[CNT]
(5)

where (I) f and (I)b are the fluorescence emission intensity of 7-HF free in the solution
and bound to the CNTs, respectively. In a cooperative interaction, K depends on [CNT],
increasing upon augmenting the CNT concentration, until reaching a maximum value, the
limiting value Kmax. Taking this into account, K can be written as [31]:

K =
Kmax· et

1 + et (6)

where t is given by Equation (6):

t =
[CNT]− h

j
(7)

In this equation, Kmax is the maximum value reached by K, h is the CNT concentration,
for which K = Kmax, and j is an adjustable parameter.

The dependence of I/Io on the CNT concentration shown in Figure 4 was fitted by
using Equations (5)–(7). The result of the fittings is represented by the solid lines in this
Figure. One can see that the agreement between the experimental and the theoretical data
is good. The limit Kmax values obtained from the fittings are listed in Table 2.

Table 2. Values of Kmax obtained by fitting the I/Ip data shown in Figure 4 using Equations (5)–(7). T
= 298.0 ± 0.1 K.

CNTs Kmax/g−1 L

SWCNT (1.5 ± 0.3)·103

MWCNT (1.2 ± 0.2)·103

SWCNT-COOH (1.5 ± 0.3)·103

The estimated Kmax values are similar, within experimental errors, for the three CNTs
investigated. The fact that K is different, at the same CNT concentration, for the different
carbon nanotubes investigated, explained the observed trend [SWNCT]100 7%-HFencapsulated
> [MWNCT]100% 7-HFencapsulated > [SWNCTCOOH]100 7%-HFencapsulated (Figure 5 and Table
1). A plausible explanation to rationalize the differences observed between pristine single-
and multi-CNTs, could be related to the length and diameter of both types of nanotubes.
The SWCNTs have a length of 1–5 μm and a diameter of 1.5 nm, whereas the MWCNTs
have a length of 1.5 μm and a diameter of 10 nm. In addition, the latter have multiple
inner layers. Taking this into account, a higher number of 7-HF molecules would be
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expected to be bound to one MWCNT molecule than to an SWCNT one. As a conse-
quence, [SWNCT]100 7%-HFencapsulated would be higher than [MWNCT]100% 7-HFencapsulated,
in agreement with the observations. In relation to the high affinity shown by the flavone
for the SWCNTCOOH carbon nanotubes, at pH 7.4, most of the COOH groups would
be ionized [32]. Therefore, these CNTs would be negatively charged. On the other hand,
the 7-HF molecules are expected to be mainly non-ionic in water at pH 7.4 [33], although
some anionic form is present. Maybe, the increase in the charge density at the CNT sur-
face will favor the interactions with the aromatic rings of 7-HF, thus explaining the low
SWCNT-COOH concentration necessary to completely bind the 7-HF. Additionally, the
functionalization of the nanotube with carboxylic groups favors the formation of hydrogen
bonds with the –OH groups of 7-HF, increasing the affinity of the flavone for the nanotubes.

The stability of the 7-HF/CNT complexes was checked using zeta potential measure-
ments. The results were ξ = −10 ± 3 for the 7-HF/SWCNT complexes, ξ = −15 ± 5 for
the 7-HF/MWCNT complexes, and ξ = −31 ± 7 for the 7-HF/SWCNTCOOH complexes.
These values did not change, within experimental errors, for various days.

3.4. Study of the In Vitro 7-HF Release

The in vitro release of 7-HF from the 7-HF/CNT complexes was studied following the
procedure described in Section 2.3. Since most flavonoids, and 7-HF in particular, are orally
administered to patients, the 7-HF release was investigated at different pHs, mimicking
the conditions of the stomach, large intestine, and small intestine; that is, pHs 2.0, 7.4, and
9.2, respectively. In addition, pH 7.4 is also the physiological pH, which is that which the
7-HF/CNT complexes will encounter after its absorption in the small intestine.

From the fluorescence emission intensity values, the amount of 7-HF released from
the 7-HF/CNT complexes can be calculated as:

%7 − HFreleased =
[7 − HF]taccumulated

[7 − HF] total
·100 (8)

where [7 − HF]taccumulated is the flavone concentration released after a time t and [7 − HF] total
is the total flavone concentration initially present in the Eppendorf tube (containing 10 mg of
the 7-HF/CNT complex and 1.8 mL of buffer). Figure 6 shows the release profiles at the three
pHs for the 7-HF/SWCNT complexes; that is, the dependence of the percentage of the flavone,
initially encapsulated, which has been released, %7-HFreleased, against time.

In all the buffer solutions used, the release of 7-HF was followed for at least 400 h.
After this time, the flavone release in neutral and basic media is really slow. However,
after 400 h, in acid medium, %7-HFreleased continues increasing with time. Taking the
acid-based properties of 7-HF into account [33], at pH 2.0, all the flavone molecules are
in their non-ionic form. At pH 7.4, most of the flavone is in its non-ionic form, but the
anionic form is also present. At pH 9.2, the 7-HF anionic form concentration is twice or
three times higher than that of the non-ionic form. At first, different interactions between
the non-ionic and anionic forms of the flavone with the CNTs would be expected, thus
resulting in different release rates for the two flavone forms [33]. Therefore, a one-phase
release profile was expected in acid medium, whereas a two-phase release profile should
be observed in neutral and basic media. Figure 6b,c show a two-phase release profile, in
agreement with the expectations. Not enough data were available in acid medium. Even
so, in order to further investigate this issue, a kinetic analysis of the release profiles has
been performed. Data in Figure 5a, acid medium, were fitted using Equation (9) and data
in Figure 5b,c, neutral and basic media, were fitted by using Equation (10).
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Figure 6. In vitro release profiles of 7-HF from 7-HF/SWCNT complexes at different pHs. (a) pH = 2.0;
(b) pH = 7.4; (c) pH = 9.2. Solid lines correspond to the fitting of the experimental data using Equation
(8), for pH = 2.0, and Equations (8) and (9), for pHs 7.4 and 9.2. The red dots are the predicted values
for the complete release profile at pH = 2.0. These values were obtained by using Equation (8).

%7 − HFreleased = a·(1 − exp(−kn·t)) (9)

%7 − HFreleased = a·(1 − exp(−kn·t)) + b·(1 − exp(−ka·t)) (10)

Here, kn and ka are the first order rate constants corresponding to the release of the
non-ionic 7-HF and anionic 7-HF forms, respectively. a and b are two adjustable parameters
related to the released 7-HF in its non-ionic and anionic forms, respectively. The first order
rate constants obtained from the fittings are listed in Table 3. The solid lines in Figure 5 are
the result of the fittings. The agreement between the experimental and the theoretical values
was good. The red dots in Figure 6a were calculated by using the adjustable parameters
estimated from the fitting by using Equation (9).

Table 3 shows that the estimated kn and ka values are the same in the different buffer
solutions, within experimental errors, as was expected. One can see that kn < ka; that is,
the release rate of the anionic form from the 7-HF/SWCNT complexes is faster than that
of the non-ionic form. This could explain the results shown in Figure 6. In acid medium,
only non-ionic 7-HF molecules are present. After their association with the CNTs, the
subsequent release follows a one-phase profile. This release is really slow. In fact, the
estimated time to reach the maximum value of %7-HFreleased would be longer than 2000
h. In neutral and basic media, the non-ionic and anionic flavone forms are present in the
solution. Once they are bound to the CNTs, the release presents a two-phase profile. Taking
into account the percentages of flavone anionic form present in the solution at pH 7.4 and
9.2, the amount of flavone released, within the same period of time, would be expected to
be larger in basic medium than in neutral medium since ka > kn.
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Table 3. First order rate constants obtained from the fittings of the dependence of %7-HFreleased

on time, using Equation (9) for the data in acid medium, and Equation (10) for the data in neutral
and basic media. The data correspond to the release of 7-HF from the SWCNT/7-HF complex.
T = 310.0 ± 0.1 K.

7-HF/SWCNT

pH 103 kn/h−1

2.0 1.7 ± 0.4

pH 103 kn/h−1 103 ka/h−1

7.4 1.8 ± 0.5 68 ± 10

9.2 1.9 ± 0.7 50 ± 14

In relation to the flavone release from the 7-HF/MWCNT complexes, after following
the release for more than 400 h, negligible amounts of %7-HFreleased were found, at the three
pHs investigated. The same result was found for the SWCNT-COOH carbon nanotubes.
This would point out that the release rate constants, for both the non-ionic and the anionic
flavone forms, kn and ka, would be slower in pristine MWCNTs and functionalized single-
walled carbon nanotubes, SWCNT-COOH, in spite of the Kmax being similar for the three
CNTs investigated.

4. Conclusions

In the present work, the encapsulation of 7-hydroxyflavone, 7-HF, within pristine
single- and multi-walled carbon nanotubes, SWCNTs and MWCNTs, respectively, and
within functionalized single-walled carbon nanotubes, SWCNT-COOH, has been investi-
gated. The results show that the binding was cooperative and that 100% of the flavone was
encapsulated by the CNTs. In addition, the Kmax values estimated for the binding of 7-HF
to the three CNTs studied were similar, within experimental errors. However, the CNT
concentration necessary to completely bind the flavone is different for the three carbon nan-
otubes, following the trend [SWNCT]100 7%-HFencapsulated > [MWNCT]100% 7-HFencapsulated >
[SWNCTCOOH]100 7%-HFencapsulated.

A plausible explanation for rationalizing that [SWNCT]100 7%-HFencapsulated
> [MWNCT]100% 7-HFencapsulated could be that the MWCNTs present a larger binding surface
than the SWCNTs. Therefore, a larger number of 7-HF molecules would be associated
to one pristine neutral multi-walled CNT molecule than to an SWCNT one. The exper-
imental observation that the lower CNT concentration necessary to bind 100% of the
flavone molecules corresponds to the SWCNT-COOH could be related to a more favorable
7-HF/CNT association when the negative charge density at the CNT surface increases. One
has to consider that, at pH 7.4, most of the functionalized CNTs are negatively charged, but
the majority of the 7-HF molecules are non-ionic. In addition, the functionalization of the
nanotube with carboxylic groups favors the formation of hydrogen bonds with the –OH
groups of 7-HF, increasing the affinity of the flavone for the nanotubes.

All the CNTs used as nanocarriers in this work are non-toxic for normal cell lines
within a wide concentration range.

The in vitro release of 7-HF from the 7-HF/CNT complexes was followed for a long
period of time at three different pHs, 2.0, 7.4, and 9.2. These pH values were chosen for
mimicking the biological barriers those complexes will encounter when they are orally
administered, which is the usual way of flavonoid administration.

The release of the flavone from the 7-HF/SWCNT complexes shows a biphasic profile
in neutral and basic media, whereas in acid medium, a monophasic one was found. This
was explained by considering that, in acid medium, only the non-ionic 7-HF form was
present in the solution, while the non-ionic and anionic flavone forms are present in neutral
and basic media. After a kinetic analysis, the first order rate constants corresponding to
the non-ionic and anionic flavone forms release, kn and ka, were estimated by fitting the
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experimental data to the appropriate equations. It was found that kn < ka. This result
explains that the maximum %7-HFreleased was found in basic pH, since at this pH the
highest amount of anionic flavone form is present.

In the case of the MWCNTs and SWCNT-COOHs, a negligible amount of flavone was
released after more than 400 h. This could be due to the first order rate constants kn and ka
being lower in these CNTs than in the SWCNTs.

From the results mentioned above, one can conclude that SWCNTs can be used as
nanocarriers for the oral administration of 7-HF.
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Abstract: Skin has a preventive role against any damage raised by harmful microorganisms and
physical and chemical assaults from the external environment that could affect the body’s internal
organs. Dermis represents the main section of the skin, and its contribution to skin physiology is
critical due to its diverse cellularity, vasculature, and release of molecular mediators involved in
the extracellular matrix maintenance and modulation of the immune response. Skin structure and
complexity limit the transport of substances, promoting the study of different types of nanoparticles
that penetrate the skin layers under different mechanisms intended for skin illness treatments and
dermo-cosmetic applications. In this work, we present a detailed morphological description of the
dermis in terms of its structures and resident cells. Furthermore, we analyze the role of the dermis
in regulating skin homeostasis and its alterations in pathophysiological conditions, highlighting its
potential as a therapeutic target. Additionally, we describe the use of nanoparticles for skin illness
treatments focused on dermis release and promote the use of metal-organic frameworks (MOFs) as
an integrative strategy for skin treatments.

Keywords: skin; dermis; nanoparticles; drug delivery; metal-organic frameworks (MOFs)

1. Skin Function and Composition

The skin is the human body’s largest organ, and its primary function is to prevent any
damage raised by harmful microbes, UV radiation, weather, pollution, or other assaults
from the external environment that could affect the body’s internal organs [1]. The skin also
has a social role because its appearance can determine how people feel towards or judge
each other socio-economically, as sexual partners, or even to get a job [2]. Skin affections
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represent the fourth of global, not lethal, disease burdens [3], and skin-related diseases
have prevalence and cost equivalent to other significant public health concerns, such as
cardiovascular disease and diabetes [4].

The histological analyses of the skin show the dermis as the more extensive section
localized between an outer layer named the epidermis and a deep section called the
hypodermis. The dermis is composed mainly of fibrous tissue, such as collagen, elastic
fibers, and glycosaminoglycans that, together with diverse structures such as the nerve
terminals, glands, blood vessels, and follicles, provide sensorial and protective properties
to the skin, as shown Figure 1 [5,6].

Figure 1. Illustration of skin components and their cell distribution.

The skin is exposed daily to countless factors that undermine its protective and
structural properties as a peripheral organ. Those unique factors for each individual, such
as metabolism, genetics, and epigenetics, can be classified as intrinsic factors; in contrast,
those standard elements that affect the group of individuals like environmental conditions
(UV exposure, pollution, or weather) or lifestyle (nutrition, smoking, stress or lack of sleep)
can be categorized as extrinsic factors [7]. Both intrinsic and extrinsic factors and aging
impair keratinocyte and fibroblast’s ability to maintain the skin’s homeostasis, and some
complications, such as inflammation-related illness, autoimmune pathologies, structural
disorders, and cancer, can arise [8].

2. Dermis

The dermis represents the main section of the skin. The dermis can be classified into
papillary and reticular dermis based on the components and morphology of each section [9].
The papillary dermis is the thinner area of the dermis and exhibits an intertwining with
the epidermis [5]. Compared to the reticular dermis, the papillary dermis presents a
distribution of less compact fibrous components, which allow the presence of blood vessels
that nourish the epidermis [10,11]. Furthermore, the Schwann cells on the papillary dermis
project their dendrite to the epidermis, making sense through the skin [12]. Conversely,
the compact distribution of fibrous content on the reticular dermis gives the stretching and
resilience resistant properties to resist the deformation forces applied to the skin [13]. The
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contribution of the dermis to skin physiology is significant; therefore, deep knowledge
about the composition and distribution of their components is critical, as well as the
interaction of the cellular population and how they are affected under diverse pathologies
that affect the skin. In this sense, it is critical to evaluate the role and relation between each
key component of the dermis to generate novel nanotechnology-based systems for treating
skin conditions.

3. The Cellular Population of the Dermis

Those cellular types on the dermis hold crosstalk that coordinate protection against
injury, physical stimuli, or pathogen assault. The cellular population of the dermis also
coordinates skin appendage formation, such as hair follicles, sebaceous glands, and sweat
glands, that contribute to the protection and thermoregulation of the body. Furthermore,
the specialized cells on the dermis as the nervous terminals sense temperature, pain, and
mechanics’ force. The crosstalk between the different cell types depends on the distribution
and maintenance of the fibrillar scaffold in the dermis. The fibroblast is mainly responsible
for their synthesis and restructuration [14].

3.1. Fibroblast

Fibroblasts are mesenchymal cells with different origins, locations, and functions that
synthesize and maintain the extracellular components [15]. The dermal fibroblasts can
be divided into subtypes, such as papillary fibroblast, reticular fibroblast, dermal papilla
(DP), and dermal white adipose tissue (DWAT) [15–17]. The cellular markers that allow for
classifying the fibroblast subpopulations fluctuate through embryo development. However,
some features remain specific to papillary, reticular, or DWAT. Studies on homologous
models such as mice demonstrate that fibroblast on the skin can be isolated through the
surface marker FAP and CD90 [18,19].

Interestingly, different from the mouse model, the human skin presents a fibroblast
population gradient where FAP and CD90 expression change depending on the dermis
section. In the human skin, the papillary fibroblast can be identified as FAP+ CD90−, the
reticular fibroblast as FAP+ CD90+, and FAP− CD90+ pre-adipose reticular fibroblast [20].
The difference in these fibroblast populations is not exclusively on cellular markers that
describe their anatomical locations. The fibroblast subpopulation presents a different gene
and protein expression that determines how the fibroblast responds to environmental stim-
uli [21]. Under specific signals such as adipogenesis-induced medium reticular fibroblast,
FAP− CD90+ can differentiate to adipocyte, whereas papillary fibroblast FAP+ CD90−
cannot be differentiated. Sequencing studies also show that papillary fibroblast has en-
hanced collagen type VII and type III expressions related to papillary dermis formation,
blood vessels, and dermo-epidermal junction (DEJ). In contrast, reticular fibroblast presents
an enhanced expression of extracellular matrix (ECM)-related genes such as LOXL3, a lysyl
oxidase related to elastin and collagen synthesis [21]. The difficult task of studying the
fibroblast subpopulation on dermal skin arises because fibroblast changes their surface
markers and protein expression profile under cell culture conditions [22].

When the skin’s integrity is compromised, as in a wound, the fibroblast and immune
cells are recruited by specific cytokines TGFβ-1, IL-1, IL-6, and chemokines secreted by
damaged keratinocyte and platelets [23] to produce ECM components and guide the heal-
ing process. In some cases, the fibroblast response is overregulated, leading to an aberrant
scarring process such as hypertrophic scarring or keloid [23]. The difference between both
fibrotic processes is that keloid expands beyond the limits of the original wound, and the
amount of fibrillar content increases over time [24]. Nevertheless, both fibrotic processes
present an increased presence of activated fibroblast, denominated myofibroblast, that re-
model and secrete an increased amount of collagen type I [25]. Furthermore, the conversion
to myofibroblast could be mechanical regulation related to collagen fiber contraction [26]
and the presence of cytokines TGFβ-1 and IL-11 secreted by papillary fibroblast CD39+ [27].
A recent study demonstrates that the conversion to myofibroblast by TGFβ-1 signaling is
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mediated by the expression of the Engrailed 1 (EN1) transcription factor [28]. Moreover,
the indirect inhibition of EN1 through the inhibition of yes-associated protein (YAP) by
verteporfin prevents fibroblast activation and conduces to a scarless wound repair [29].

Together with the wound repair process, the fibroblast function is related to the skin’s
homeostasis. Skin homeostasis is affected by aging, a complex multifactorial process
involving all human beings. Skin aging is affected by extrinsic and intrinsic factors and is
characterized by a loss of skin functions such as impaired barrier function, loss of stiffness,
the impaired healing process, and altered immunological response [7]. On the fibroblast,
the aging process is characterized by the increased production of reactive oxygen species
(ROS) generated by ultraviolet radiation overexposure through life [30]. The increased
ROS content promotes mutations related to desoxyribonucleic acid (DNA) damage on the
fibroblast [31]. Furthermore, the aged fibroblast produces IL-6 and IL-8 cytokines, which
are involved in chronic inflammation [32]. Moreover, the aged fibroblast increased the
secretion of matrix metalloproteinase-1 (MMP-1), which degrades the collagen content of
the dermis, decreasing the stiffness of the skin [33]. The loss of rigidity on the dermis alters
the proliferation of keratinocytes on the epidermis [34] and reinforces the aged phenotype
on fibroblast, promoting the secretion of MMP-1 [35,36]. These antecedents demonstrate
that the fibroblast is present as a critical cell in the dermis physiology, and their misfunction
could enhance pathological processes such as fibrosis, keloid, impaired barrier function,
and dermatoporosis [37].

3.2. Immune Cells

The primordial function of the skin is a barrier achieved through the stratum corneum
(SC) of the epidermis and the immune cells on all skin. The heterogeneous presence
of immune cells on the skin has been reviewed [38]. However, the dermis remains in
other heterogenic populations of immune cells that complement epidermal immune cells’
function. The population present on the dermis have linfoid or myeloid origin; some
are mast cells, dendritic cells (DC), T CD4+, T CD8+, γδ T cell, and memory-resident
T cells (Trm) [6].

The interaction of sphingosine-1-phosphate (S1P) and the sphingosine-1-phosphate
receptor 1 (S1PR1) present on the membrane of immune cells are the primary signal for
the migration of resident immune cells to the lymphatic nodule (LN) present on skin [39].
Otherwise, the interaction of S1PR2 and CD 69 is responsible for the lymphatic γδ T cell
resident on the dermis. The interactions of S1PR2 with its ligand inhibit the migratory
signal given by S1PR1, whereas CD 69 down-regulates the expression of S1PR1 on the
lymphocyte membrane [40]. That mechanism suggests a close regulation between the cells
that reside on the dermis and those populations of cells that migrate on the lymphatic
nodule. Under this mechanism, diverse lymphocytes, such as Trm CD 8+, patrol the
dermis and the epidermis regularly [41]. Trm CD8+ have a dendritic-like shape that lets
them search for antigens between the tight interaction of keratinocytes on the epidermis.
Upon recognizing an antigen, Trm CD8+ shift their form to a spheric-like. Additionally,
they began the synthesis and secretion of interferon γ (INF-γ) that mediate the recruiting
of other immune cells, starting a local immune response [42]. Another lymphocyte that
mediates the inflammatory response against environmental allergens is γδT cells, which
are present on the dermis from three days after born and could be residents of Dermis
(Vγ 5+ subtype) or surveillance the skin-surrounded environment (Vγ 4+ subtype) such as
skin LN. The IL-17A secreted by γδ T cells are essential in the inflammatory response, and
their dysregulated secretion is a common factor in inflammatory diseases, such as psoriasis,
atopic dermatitis, and contact allergies [43].

Dendritic cells (DC) and mast cells are myeloid-derived immune cells that are found
to be closely related to neuronal terminals and blood vessels of the dermis [44]. Nerve
terminals secrete neuropeptide that stimulates the secretion of IL-23 from DC, and its
secretion stimulates the production of IL-17A on γδ T cells, which mediates a neuronal
immune response against viruses such as herpes simplex [45]. However, mast cells form a
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physical synapse with unmyelinated C-fibers, and they have bidirectional communication
with neurons in the skin [46]. Mast cells-derived TNF and nerve growth factor (NGF)
stimulate neuronal elongation on the dermis. The crosstalk between mast cells and DC me-
diates the transition between innate and adaptative immune responses. DC can recognize
nickel (Ni) with solid affinity and then migrate to the closed LN for beginning the antigen
presentation, and it has been speculated that this interaction is responsible for the allergic
response to Ni [47].

In some cases, the skin’s immune response can be altered and lead to disorders like
omenn syndrome, vitiligo, psoriasis, atopic dermatitis, or allergic contact dermatitis. In
immune deficiency syndrome as omen syndrome, where a lack of T or B cells occur, a
penetration into the Dermis by Langerhans cells exists. This immune deregulation generates
some skin conditions such as erythema and alopecia; the last one is caused by an immune
attack over the hair follicle on skin [48–50].

4. Dermis as a Target for Nanotechnology-Based Treatments

Nanotechnology intended for dermatology is a domain of research in constant progress.
However, less than 1% of the nanoparticles under clinical trials focus on skin conditions,
which include skin illness treatment, dermo-cosmetic, and wound care devices [51,52].
Moreover, transdermal applications for vaccination or systemic pathology treatment have
been developed due to the vascular distribution of the dermis [53,54]. Those initiatives
bypass the hepatic passage of drugs through oral administration or avoid utilizing needles
during vaccination, which improves patients’ adherence to the different treatments. Indeed,
the dermis represents a robust administration route to develop nanoparticles for medical
applications, improving immunization through the activations of the dendritic cells and as
a pathway to deliver drugs or nutrients to improve systemic or localized diseases.

4.1. Skin Penetration of Nanoparticles

Regardless of the nanoparticle employed, the first obstacle is to penetrate across
the skin layers, particularly the stratum corneum. The nanoparticles can penetrate the
skin by following one of these routes: (1) The intracellular (transcellular) route, (2) the
intercellular route, or (3) the appendage route, as displayed in Figure 2 [55]. On intact
skin, the transcellular and intercellular routes can be reached using permeation enhancers
that disrupt the integrity of the stratum corneum [56]. An example of the effect of an
enhancer was illustrated in a study that analyzed the impact of the surface charge of
nanoparticles on skin penetration prepared using different solvents. Despite the surface
charge, the particles formulated in water were staked on the SC, whereas the particles
prepared with ethanol/water crossed the SC and reached the dermis. The effect on the
penetration of nanoparticles was not enhanced when ethanol was applied before the
nanoparticles [57]. These researchers hypothesized that the ethanol drags the nanoparticles
across the SC, reaching the viable epidermis where the nanoparticle can defund depending
on their surface charge. The penetration of particles in the skin increases when skin
integrity is compromised, such as through photodamage, atopic dermatitis, psoriasis,
and dryness. Skin damaged by UVA radiation presents an increased skin permeation of
nanoparticles [58,59].

The skin appendages are the sweat gland and the pilosebaceous unit, including the
sebaceous gland and hair follicle [60]. The hair follicles act like ducts that connect the
outer environment with the dermis. The dermal papilla in the deepest section of the
hair follicle is associated with capillary loops and lymphatic vessels [61–63]. The high
content of vessels associated with the dermal papilla transforms the trans appendage route
into a critical target to reach systemic drug delivery or immunization through the skin.
Nanoparticle penetration through hair follicles depends on the size of nanoparticles, the
medium’s viscosity, and the hair’s movement [64,65]. The theoretical model denominated
Ratchet effect explains the influence of these physicochemical properties. Based on the
theoretical model, the ideal size of nanoparticles to reach the deepest part of the hair follicle
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is 600 nm. These theoretical sizes concord with the results obtained by other research
where the nanoparticles with size between 400–600 nm present the deepest penetration on
hair follicles [66,67].

Figure 2. Scheme of potential skin penetration routes of different types of nanoparticles.

4.2. Effect of Nanoparticles over the Dermis

The literature reports numerous works describing nanoparticle formulation intended
for topical applications [51,68–70]. Compared to topical treatments, transdermal represents
an effective transport from the intact skin into the systemic circulation to treat various
chronic diseases. Transdermal treatments offer better patient compliance than more in-
vasive alternative routes avoiding liver metabolic. However, only a limited number of
drugs are enough small and lipophilic to pass the skin barrier [71]. Nanocarriers made of
lipids, metals, or polymers have been developed to increase the penetration of drugs or
vaccines and control drug release by targeting specific areas of the skin [72]. Numerous
nanoparticles have been developed, some of which are covered in Table 1.

Table 1. Applications of different types of nanoparticles for pathophysiological skin conditions based
on dermis strategies.

Type of
Nanoparticle

Formulation Aims Reference

Inorganic SiO/peptide
Reduce the inflammatory response
liberating the natural compound from the
nanoparticle mesoporous.

[73]

Inorganic ZnO Prevent microbial infection and decrease
the ROS level on the skin. [74]

Inorganic Nanocomposite of zinc and
silver nanocomposite Promotes the healing of skin wounds [75]
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Table 1. Cont.

Type of
Nanoparticle

Formulation Aims Reference

Inorganic Super paramagnetic
Iron Oxide/polyethelyimine Skin penetration via follicular pathways [76]

Polymeric Polycaprolactone/gum arabic/
ZnO nanocomposite

Promote the regeneration of skin tissue
and treat difficult healing skin wounds. [77]

Polymeric Dexamethasone loaded
dentritic nanoparticle

Reduce the inflammatory response of
atopic dermatitis. [78]

Polymeric SIlibilin encapsulated in gellan gum Platform for skin delivery. [79]

Lipidic Raloxifene-loaded cubosomes Transdermal delivery [80]

Lipidic Cyproterone encapsulated into
nanostructure lipid carriers

Promote penetration via
follicular appendages. [81]

4.2.1. Inorganic Nanoparticles

Inorganic nanoparticles in dermatology comprise metal/metal oxide particles, carbon
nanotubes, silica-based nanoparticles, and quantum dots, among others. Those types
of nanoparticles are focused on treating cutaneous wounds, particularly in preventing
and treating bacterial and fungal infections, and against the harmful effects of the sun as
UV blockers. Additionally, they present chemical and thermal stability in the delivery
systems; moreover, it can be exploited for simultaneous imaging and treatment. Tak et al.
demonstrated shape-dependent skin penetration of Ag-NPs through different layers of the
skin, indicating skin penetration of AgNPs through intercellular pathways [82]. Inorganic
nanoparticles can be used alone, or in combination with polymers as composites [83]
Muchova et al. aimed to provide an antibacterial effect using selenium nanoparticle (SeNP)
adsorbed into a scaffold composed of chitosan, collagen, and thermostable fibroblast growth
factor 2 (FGF2-STAB®). Those scaffold applications demonstrated a controlled release of
SeNP in the dermis, lowering the ROS level and promoting wound regeneration [84]. Over
the years, the application of gold nanoparticles as a drug carrier for skin drug delivery
has attracted increasing attention because of their unique properties and versatility [85].
For example, Niu et al. synthesized gold nanoparticles conjugated with a peptide and
cationic polymer (polyethelyimine, PEI) conjugated (AuPT) that could interact with a
pDNAs encoding the miRNA-221 inhibitor gene into cationic nanocomplexes and penetrate
through the intact stratum corneum [86]. Some of the inherent properties of metals or
metallic oxides, such as magnetism, can be exploited. Yue-feng Rao et al. demonstrated
that epirubicin covalently modified SPIONs (superparamagnetic iron-oxide nanoparticles)
could be used as transdermal vectors as they could circumvent the stratum corneum via
follicular pathways and reach the reticular dermis [76]. Ramadan et al. presented a different
approach [87]. They used a photothermal ablation-enhanced transdermal drug delivery
methodology on hollow copper sulfide nanoparticles (HCuSNPs). This technique induces
skin perforations by a modulated laser that can induce localized thermal ablation of the SC,
facilitating the penetration of the particles to the deeper skin layers. This skin disruption
by HCuSNP-mediated photothermal ablation significantly increases the permeability of
human growth hormone. Carbon nanodots are emerging as potential delivery systems
because of their water solubility, chemical inertness, low toxicity, ease of functionalization,
and resistance to photobleaching [88]. Bankoti and col. used carbon nanodots adsorbed
into decellularized dermis to reduce the local ROS and to promote cellular recruitment and
regeneration of wounds [89].

4.2.2. Polymeric-Based Nanoparticles

Polymeric nanoparticles are one of the most attractive topics of research to be used as
potential topical transdermal nanocarriers. Polymers have the advantages of low toxicity,
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biocompatibility, and biodegradability. Popular polymer materials used for delivery pur-
poses are collagen, chitosan, poly(-lactic-co-glycolic) acid (PLGA), polycaprolactone (PCL),
and dextran [90].

Chitosan-coated PLGA and bare PLGA with similar-sized but opposite surface charges
have been studied by Mittal et al. [91]. They used ovoalbumin (OVA) to evaluate delivery
efficacy. They found two–three times higher follicular penetration of NPs than pure OVA
solution. These results paved the way for using polymer nanoparticles in formulations
used in vaccines. They emphasized the potential of the trans follicular route to the adminis-
tration of the drug to reach most internal layers of the skin. The application of nanoparticles
synthesized with human recombinant keratin has promoted collagen synthesis and an-
giogenesis and improved wound healing mechanisms [92]. Other researchers have used
a multifactorial approach using a polysaccharide-based hydrogel containing exosomes
charged with interfering microRNA (miRNA); that complex formulation effectively relieves
wound skin from UV damage, promoting the angiogenesis and regeneration of the skin
appendages [93]. When the skin’s barrier function is compromised, different pathogens
such as Candida spp., Pseudomonas spp., or Staphylococcus spp. can promote a permanent
infection when they reach the dermis. An alternative to face this infection generated
by candida spp. was to improve the biodistribution of the antimycotic itraconazole us-
ing absorbable microneedles charged with nanocrystal [94]. Furthermore, nanocrystal of
azithromycin has been developed to treat Lyme disease generated by tick bite infection [95].
Recently, Kim et al. studied pH- and temperature-sensitive double cross-linked hydro-
gels consisting of poly(N-Isopropylacrylamide (PNIPAM) and Hyaluronic Acid (HA) as a
transdermal drug delivery carrier of luteolin for its applicability to alleviate psoriasis. The
in vitro skin permeation experiments showed that hydrogel effectively delivers luteolin
to the epidermis and dermis. Jeong et al. evaluated the applicability of Carboxymethyl
Chitosan/2-Hydroxyethyl Acrylate (CmCHT-g-pHEA) hydrogels as a transdermal deliv-
ery system. In addition, they confirmed that the CmCHT-g-pHEA hydrogels temporarily
interferes with skin barrier function through skin hydration improving the skin penetration
to lower layers of skin of nobiletin loaded into the hydrogel matrix [96]. Other researchers,
using a multifactorial approach based on polysaccharide-based hydrogel containing exo-
somes charged with interfering microRNA (miRNA), demonstrated an effectively relieves
of wound skin caused by UV damage, thus promoting angiogenesis and improving the
regeneration of the skin appendages. Moreover, silver nanoparticles have been used to
improve the performance of wound healing matrix composed of biopolymers such as
polyvinyl alcohol (PVA), collagen, and hyaluronic acid [97]. From another perspective,
towards the control of the fibrosis process, the use of nanoparticles of PLGA charged with
pioglitazone decreases the TGF-β signal produced during skin fibrosis in scleroderma
patients [98]. The immune cells in the dermis are essential in developing inflammatory
diseases. It has been reported that a nanogel composed of hyaluronic acid and β-glucan
efficiently activates the dendritic cells when incorporating an immunomodulator such
as ovalbumin (OVA) [99]. Additionally, silibinin, a flavonoid that presents antioxidant
and anti-inflammatory actions, has been delivered into the dermis using nanocapsules
supported in a polymeric matrix to treat dermatitis [79]. Furthermore, nanoparticles
of silica functionalized with PDMA (poly(2-(dimethylamine) ethyl methacrylate) were
used to scavenge the cellular free DNA present in psoriasis, improving the symptoms
in a murine model [100]. In addition, the neuronal component in the dermis has been
targeted to improve the treatment of peripheral neuropathic pain using nanoparticles
loaded with capsaicinoid and supported into hydrogel based on chitosan. This system’s
probe has increased permeability and a higher biodistribution of capsaicinoids into the
dermis [101]. Another application of the polymeric system was researched by Sanad et al.,
who prepared a chitosan-HA/Andrographolide nanocomposite scaffold. When applied to
second-degree burn wounds, this scaffold enhanced wound healing with no scaring and
improved tissue quality [102].
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4.2.3. Lipid-Based Nanoparticles

Lipid nanoparticles include similar structures such as micelles, reverse micelles, emul-
sions, microemulsions, transferosomes, ethosomes liposomes, and solid lipid nanopar-
ticles (SLN). These structured systems have been broadly used to release several active
compounds, including chemotherapeutic drugs [103], antibiotics [104], and genetic mate-
rial [105,106]; however, in the last years’ diverse studies have described that SLN present
an improved capacity to reach the dermis [107]. Different lipidic systems have been used to
deliver a plethora of compound to the dermis; in this work, we describe a few applications
in which lipid nanoparticle has been utilized to deliver compound with pharmaceutical
potential into the dermis. Nanostructured lipid carriers (NLC) have been applied to deliver
capsaicin to the dermis with the intent of reducing the irritation associated with the applica-
tion of raw formulations [108]. Furthermore, Ghasemiyeh et al. loaded cyproterone acetate
(CPA) in nanostructure lipid carriers with different sized (100–600 nm). They demonstrated
that encapsulated CPA into lipid carriers presented a better penetration than free CPA. The
optimal penetration to epidermis-dermis layers via follicular appendage was found for
lipids with a 300 nm size [81].

However, in treating immunologically related pathologies, SLN has been used to
encapsulate atorvastatin, generating a system that prevents the systemic absorption of
this drug and prolongs the anti-inflammatory effect in the treatment of scalp seborrheic
dermatitis [109]. Additionally, metformin’s anti-inflammatory and ROS reduction capacity,
a drug commonly prescribed to treat diabetes, has been studied to improve the treatment
of skin inflammatory pathologies. SLN load with metformin particles has shown the
capacity to reach the deeper section of the dermis, increasing the dermal concentration
of metformin [110]. Another anti-inflammatory application of SLN has been reported
with cyclosporine A (CsA), the SLN@CsA particles present an improved retention and
penetration into the dermis in comparison to the application of a suspension of CsA [111].
The traditional non-steroidal anti-inflammatory drug (NSAIDs) ibuprofen has been encap-
sulated using SLN. Those SLN@Ibuprofen particles showed an improved performance
in treating skin inflammation in a murine model compared with the topical application
of gel-based ibuprofen; additionally, this formulation presents a release profile related
to the pH showing an increased liberation rate at pH 7.4, which is the pH present in the
dermis [105,112,113]. Other applications of lipid-based nanoparticles oriented toward the
cosmetic field have been explored [114], where SLN loaded with vitamin A (Vit-A) has
been studied for dermal application, showing that SLN presents a higher load capacity of
Vit-A and an increased penetration of the particle and distribution of Vit-A compared to a
Vit-A suspension gel [115].

5. Metal-Organic Frameworks as an Integrative Tool for Skin Treatments

Metal–organic frameworks (MOFs) are well-defined three-dimensional porous solids
assembled from inorganic metal nodes connected by multitopic organic ligands. They
present structural flexibility, large surface areas, and pore sizes that can be tailored by
a combination of metals, ligands, and synthesis conditions for a given application [116].
Numerous applications in many fields are being developed, such as gas storage [117],
separation [118], chemical sensing [119], catalysis [120], and potential biomedical ap-
plications, including drug storage and delivery [121,122], biomedical gas storage [123],
biosensing [124,125], or molecular imaging [126]. Figure 3 describes a morphological struc-
ture of MIL100 acquired by transmission electronic microscopy and illustrates some skin
applications of metal–organic frameworks (MOFs).

The first obstacle to using MOFs in skin treatments based on dermis therapeutic targets
is penetrating across the epidermal layer by some of the routes mentioned above. As a
combination of inorganic and organic materials, MOFs allow the incorporation as primary
building blocks of cations (Au+, Ag+, Cu2+, or Zn2+) involved in diverse biological pro-
cesses and bioactive ligands as organic connectors. Thus, the progressive degradation of the
MOF framework can be an effective therapy for human pathogenic bacteria causing various
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infections and syndromes in the skin. A completely bioactive MOF constructed with Zn2+

and azelaic acid (Az) coordinated to the metallic centers (BioMIL-5) presented interesting
antibacterial and dermatological properties for treating several skin disorders [127]. Re-
cently, BioMOFs based on an alkaline element (K+) and Az showed superior antibacterial
activity against Staphylococcus epidermidis and Staphylococcus aureus than azelaic acid [128].
Antibiotic Carbenicillin (Car) was coordinated with Ga3+ to form a pH-sensitive MOF
and used to coat hollow TiO2 nanoshells. Under an acidic microenvironment at infected
sites, the MOF gradually degrades, releasing Car and Ga3+ in combination with the ROS
(Reactive Oxygen Species) generator TiO2 exhibiting an effective simultaneous inhibition
of Pseudomonas aeruginosa (PA) and methicillin-resistant Staphylococcus aureus (MRSA), sup-
porting that strategy as a potential antibacterial alternative to fight against these relevant
pathogens [129]. A pH-responsive core-shell nano assembly has been developed using
core mesoporous silica nanoparticles (MSN) loaded with β-lactamase inhibitor (sulbactam)
coated with a pH-responsive MOF based on the antibiotic Car and Fe3+. This nano as-
sembly was stable under physiological conditions; however, at lower pH, the MOF on the
MSN surfaces degrades gradually, releasing their components and unblocking the MSN
pores, which led to the release of the trapped inhibitor [130]. However, an excess of metal
ions released may also be dangerous as it can negatively affect the biological processes
where they are involved, in addition to bacteria. The in-situ incorporation of folate inside
the pores of the Cu-based MOFs HKUST-1 framework increases the hydrophobicity of
HKUST-1 pores, which prevents proteins and water molecules diffuse to the Cu2+ sites
from hampering the break of Cu-carboxylate linkages [131]. Additionally, the presence of
the vitamin reduced the cytotoxicity towards human dermal fibroblasts.

Figure 3. Morphological structure of MIL100 metal-organic frameworks (MOFs) acquired by elec-
tronic transmission microscopy (TEM), and some schematic representations of MOFs applications on
the skin.

An alternative route to creating effective antibacterial agents based on MOFs is the pos-
sibility of attaching additional organic fragments by covalent post-synthetic modifications
in the organic ligands. A series of MOF/Ce-based nanozymes have been developed using
a peroxidase-like activity of Au-doped MIL-88B(Fe) MOFs. The ligands located at the exter-
nal surfaces were modified with Ce-NTA ((1S)-N-(5-amino-1-carboxypentyl)iminodiacetic
acid) complexes that presented DNase-mimetic activity to catalyze the hydrolysis of extra-
cellular DNA. In vivo tests revealed that cumulative effects of dual enzyme-like MOFs on
treated subcutaneous abscesses demonstrated a significant reduction of inflammatory cells
and improved wound healing [132]. On the other hand, MIL-88B(Fe)-based nanozymes
presented a relatively lower catalytic activity. A strategy to increase their therapeutic activ-
ity was modifying the MOF’s external surfaces with a COF (Covalent Organic Framework),
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creating a MOF @COF hybrid. The COF proportionated an external morphology proper to
catch bacteria and presented a microenvironment close to the MOF catalytic sites capable
of activating the substrates via non-covalent interactions [133].

The presence of unsaturated metal nodes at the external MOFs surfaces provides
opportunities for their surface engineering. This surface modification of MOFs improves
their colloidal stability, permits the control of the release of the ions, guests, or ligands,
and tunes the hydrophobic/hydrophilic character of their external surfaces, improving
their applicability. It can form composites in which MOF particles are embedded into
functional (co)polymers with intrinsic bactericidal properties that protect MOFs from a fast
degradation in physiological fluids. Additionally, as a strategy, the inherent properties of
those polymers can be exploited. Studies based on films as crosslinking agents from HKUST-
1 and CS exhibited a relatively slow release of copper ions, efficient antibacterial activity to
Staphylococcus aureus, and negligible biotoxicity [134]. The incorporation of HKUST-1 within
citrate-based hydrogels enables a sustainable copper ions release to maintain antioxidant
and thermoresponsive hydrogel properties [135]. Studies of ZIF8@PVA (polyvinylalcohol)
hydrogel omniphobic membranes also allow the controllabe release of Zinc ions [136].

Efficient wound dressing can be created by the sustained release of non-toxic amounts
of calcium, copper, and zinc ions from a combination of Zn2+ and Cu2+ ions in MOFs-niacin
and MOFs encapsulated in alginate microcapsules [137]. The photothermal properties
of MOFs (Prussian Blue) embedded into CS-based hydrogels can be exploited as an an-
tibacterial agent through the synergistic effect of heat and the electropositive surface from
hydrogel [138]. Ag-based MOF composites with CS can act as barriers to the permeation of
bacteria to wounds due to their antibacterial activities and can also release trace amounts of
Ag+ to reduce inflammation and accelerate wound healing [139]. In addition to the release
of their primary components due to their progressive degradation MOFs provide sites to be
loaded with biologically active substances such as gases, organic molecules, ions, enzymes,
or nanoparticles [140].

Nitric oxide (NO) is an essential molecule with well-recognized therapeutic prop-
erties [141]. Pinto et al., developed novel vitamin B3 MOFs with Ni and Co as metal
centers and titanium carboxylate MIP-177 for NO storage and demonstrated possible
therapeutic applications of the NO release [142,143]. The liporeductor cosmetic caffeine
(Caf) was loaded into MIL100, and nanoparticles were embedded into biocompatible
polymers (PVA) and gelatin. Caf was progressively released from the composite and
could permeate through the skin, reaching the targeted adipocyte region, paving the
way for the topical administration of MOF polymer-based devices for the cutaneous or
transdermal administration [144].

Photosensitive properties of MOFs also can be exploited. Zirconium-based PCN-224
MOFs loaded with Ag+ ions and coated with HA were tested with MRSA bacteria. The
combination of ROS from PCN-224 organic ligands and the release of Ag ions-Ag showed a
much higher antibacterial activity effect than separated PCN-224Ag and silver ions. MFM-
300(Sc) MOFs can be excellent drug carriers for the transdermal administration of natural
antioxidant ferulic acid (FA), which has a protective role for the main skin structures such
as collagen, fibroblasts, keratinocytes, and elastin [145]. Recently, Taherzade et al. [146], cre-
ated topical patches based on water-stable and biosafe Fe carboxylate MOFs (MIL-100 and
MIL-127), the biopolymer polyvinyl alcohol (PVA), and the selective adsorption of two co-
encapsulated drugs used in skin disorders (azelaic acid (Az) as antibiotic, and nicotinamide
(Nic) as anti-inflammatory), to develop an advanced cutaneous combined therapy. MOFs
for cutaneous applications can be further optimized for combined treatments using both
progressive framework degradation and slow delivery of active substances. A dual cooper-
ative controllable release system has been designed by incorporating small molecular drugs
(dimethyloxalylglycine, DMOG) into ZIF-67 nanoparticles. The strategy used to perform a
controlled release of DMOG and Co2+ ions included the nanoparticles in a micro-patterned
poly (L-lactic acid) PLLA/Gellatin nanofibrous scaffolds. Synergistic effects that promoted
accelerated healing in diabetic chronic wounds were found [147]. HKUST-1 MOFs have
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been utilized in the design of multifunctional antimicrobial agents through the delivery of
antibacterial gases, antibiotic molecules, and antibacterial metal ions at different rates as a
strategy that permits both fast and long-lived bactericidal action [148].

6. Conclusions and Future Perspectives

The progression of pathologies and symptoms, such as inflammation, allergies, psoria-
sis, and dermatitis, are directly related to alteration in the dermis’ cellular communication
and maintenance of matrix components. However, most literature based on nanoparticle
formulations to treat skin conditions is commonly targeted to trespass de SC and reach the
epidermis, the external layer of the skin. Our revision aims to illustrate how the integrity of
the dermis is essential to maintain the skin’s protective functions and to attain a significant
improvement in treating pathologies. The diverse works summarized in this article prove
that targeting the dermis is essential to produce a promising treatment based on nanotech-
nology. Indeed, the main challenge for dermis drug delivery is the stratum corneum as
a physical barrier. Several types of nanoparticles (inorganic, polymeric, or lipidic) have
been developed in recent years to circumvent this issue. Those nanoparticles are selected
depending on the route chosen to cross the epidermis or considering the chemical proper-
ties of the cargo molecule being studied. However, the nanoparticle composition must be
considered in the rational strategy to reach an adequate therapeutical effect in the targeted
region. Some components, such as metals, can control microbial growth on damaged
skin or reduce ROS production. Likewise, some polymers can stimulate the fibroblast
to produce extracellular matrix components, contributing considerably to improving the
dermis function.

In this context, MOF appears with unique characteristic of inorganic/organic compo-
sition that integrate the properties of metals and organic compounds in a unique system;
MOFs also have a clear structure, adjustable pore size and shape, excellent surface area and
porosity, easy chemical functionalization and can be prepared in large amounts. Despite
the numerous articles published on (nano)MOFs, the development of the new (nano)MOFs
centered on the dermis as a therapeutic target has not reached their maturity because the
full potential of (nano)MOFs has not been exploited yet. MOFs present some drawbacks:
They present some degree of matrix degradation, which induces premature drug leakage
before reaching the target; their syntheses are often rigorous with high pressures and/or
temperatures or involve toxic solvents. Another obstacle is the intrinsic toxicity of the
MOF primary components. All these issues reduce their applicability in biomedical appli-
cations. Thus, the near future challenge passes from creating MOFs-based nanoparticles
whose characteristics permit precise control of the target and drug release without loss of
sturdiness. Additionally, it is necessary to carefully investigate the toxicity of the primary
building blocks and metals and the biocompatibility issues. However, the most ambitious
future approach is the creation of totally bioactive (nano)MOFs in which both metal and
organics have an active role.

Author Contributions: Conceptualization C.V., D.V.-Y. and C.C.-V.; writing—original draft prepara-
tion J.S. and T.C.; figure preparation J.S., T.C. and C.V.; writing—review and editing C.V., F.C.Z. and
W.I.C.; funding acquisition C.V., F.C.Z., D.V.-Y. and C.C.-V. All authors have read and agreed to the
published version of the manuscript.

Funding: The design of the study, the collection, analysis, interpretation of data, and the writing of
the manuscript were supported by research grants from the National Fund for Science & Technology
Development, [FONDECYT 1201147 (C.V.), 1200944 (C.C.-V.), 1210763 (F.C.Z.), FONDECYT 1201249
(D.V.-Y.)] and BASAL Grant: CEDENNA from the National Research and Development Agency
(ANID), Government of Chile (AFB180001 [C.V., C.C.-V., and D.V.-Y.]). Millennium Science Initiative
Program—ICN09_016/ICN 2021_045: Millennium Institute on Immunology and Immunotherapy
(ICN09_016/ICN 2021_045; former P09/016-F) [C.C.-V.]). Research Associate of European Union’s
Horizon 2020 Research and Innovation Program under the Marie Sklodowsks-Curie Grant Agreement
No. 734801 (C.V.). J.S. Acknowledge to CONICYT-PFCHA/Doctorado Nacional/2017-21171302, and
ANID/ACT210057. T.C. Acknowledge the Postdoctoral Program from Universidad de Talca.

91



Pharmaceutics 2023, 15, 10

Conflicts of Interest: The authors declare no conflict of interest. The authors have no other rel-
evant affiliations or financial involvement with any organization or entity with a financial inter-
est in or financial conflict with the subject matter or materials discussed in the manuscript apart
from those disclosed.

References

1. Gonzales, K.A.U.; Fuchs, E. Skin and Its Regenerative Powers: An Alliance between Stem Cells and Their Niche. Dev. Cell 2017,
43, 387–401. [CrossRef] [PubMed]

2. Foo, Y.Z.; Simmons, L.W.; Rhodes, G. Predictors of facial attractiveness and health in humans. Sci. Rep. 2017, 7, 39731. [CrossRef]
[PubMed]

3. Seth, D.; Cheldize, K.; Brown, D.; Freeman, E.F. Global Burden of Skin Disease: Inequities and Innovations. Curr. Derm. Rep. 2017,
6, 204–210. [CrossRef] [PubMed]

4. Lim, H.W.; Collins, S.A.B.; Resneck, J.S., Jr.; Bolognia, J.L.; Hodge, J.A.; Rohrer, T.A.; Van Beek, M.J.; Margolis, D.J.; Sober, A.J.;
Weinstock, M.A.; et al. The burden of skin disease in the United States. J. Am. Acad. Derm. 2017, 76, 958–972.e952. [CrossRef]
[PubMed]

5. Haydont, V.; Bernard, B.A.; Fortunel, N.O. Age-related evolutions of the dermis: Clinical signs, fibroblast and extracellular matrix
dynamics. Mech. Ageing Dev. 2019, 177, 150–156. [CrossRef]

6. Eyerich, S.; Eyerich, K.; Traidl-Hoffmann, C.; Biedermann, T. Cutaneous Barriers and Skin Immunity: Differentiating A Connected
Network. Trends Immunol. 2018, 39, 315–327. [CrossRef]

7. Krutmann, J.; Bouloc, A.; Sore, G.; Bernard, B.A.; Passeron, T. The skin aging exposome. J. Derm. Sci. 2017, 85, 152–161. [CrossRef]
8. Horsley, V. Skin in the Game: Stem Cells in Repair, Cancer, and Homeostasis. Cell 2020, 181, 492–494. [CrossRef]
9. Fisher, G.J.; Shao, Y.; He, T.; Qin, Z.; Perry, D.; Voorhees, J.J.; Quan, T. Reduction of fibroblast size/mechanical force down-regulates

TGF-beta type II receptor: Implications for human skin aging. Aging Cell 2016, 15, 67–76. [CrossRef]
10. Janson, D.G.; Saintigny, G.; van Adrichem, A.; Mahe, C.; El Ghalbzouri, A. Different gene expression patterns in human papillary

and reticular fibroblasts. J. Investig. Derm. 2012, 132, 2565–2572. [CrossRef]
11. Dengjel, J.; Bruckner-Tuderman, L.; Nystrom, A. Skin proteomics—Analysis of the extracellular matrix in health and disease.

Expert Rev. Proteom. 2020, 17, 377–391. [CrossRef] [PubMed]
12. Abdo, H.; Calvo-Enrique, L.; Lopez, J.M.; Song, J.; Zhang, M.D.; Usoskin, D.; El Manira, A.; Adameyko, I.; Hjerling-Leffler, J.;

Ernfors, P. Specialized cutaneous Schwann cells initiate pain sensation. Science 2019, 365, 695–699. [CrossRef] [PubMed]
13. Jansen, K.A.; Licup, A.J.; Sharma, A.; Rens, R.; MacKintosh, F.C.; Koenderink, G.H. The Role of Network Architecture in Collagen

Mechanics. Biophys. J. 2018, 114, 2665–2678. [CrossRef] [PubMed]
14. Rippa, A.L.; Kalabusheva, E.P.; Vorotelyak, E.A. Regeneration of Dermis: Scarring and Cells Involved. Cells 2019, 8, 607.

[CrossRef]
15. Thulabandu, V.; Chen, D.; Atit, R.P. Dermal fibroblast in cutaneous development and healing. Wiley Interdiscip. Rev. Dev. Biol.

2018, 7, e307. [CrossRef]
16. Griffin, M.F.; desJardins-Park, H.E.; Mascharak, S.; Borrelli, M.R.; Longaker, M.T. Understanding the impact of fibroblast

heterogeneity on skin fibrosis. Dis. Model. Mech. 2020, 13, dmm044164. [CrossRef]
17. Driskell, R.R.; Watt, F.M. Understanding fibroblast heterogeneity in the skin. Trends Cell Biol. 2015, 25, 92–99. [CrossRef]
18. Hu, M.S.; Moore, A.L.; Longaker, M.T. A Fibroblast Is Not a Fibroblast Is Not a Fibroblast. J. Investig. Derm. 2018, 138, 729–730.

[CrossRef]
19. Philippeos, C.; Telerman, S.B.; Oules, B.; Pisco, A.O.; Shaw, T.J.; Elgueta, R.; Lombardi, G.; Driskell, R.R.; Soldin, M.;

Lynch, M.D.; et al. Spatial and Single-Cell Transcriptional Profiling Identifies Functionally Distinct Human Dermal Fibroblast
Subpopulations. J. Investig. Derm. 2018, 138, 811–825. [CrossRef]

20. Korosec, A.; Frech, S.; Gesslbauer, B.; Vierhapper, M.; Radtke, C.; Petzelbauer, P.; Lichtenberger, B.M. Lineage Identity and
Location within the Dermis Determine the Function of Papillary and Reticular Fibroblasts in Human Skin. J. Investig. Derm. 2019,
139, 342–351. [CrossRef]

21. Nauroy, P.; Barruche, V.; Marchand, L.; Nindorera-Badara, S.; Bordes, S.; Closs, B.; Ruggiero, F. Human Dermal Fibroblast
Subpopulations Display Distinct Gene Signatures Related to Cell Behaviors and Matrisome. J. Investig. Derm. 2017, 137,
1787–1789. [CrossRef] [PubMed]

22. Korosec, A.; Frech, S.; Lichtenberger, B.M. Isolation of Papillary and Reticular Fibroblasts from Human Skin by Fluorescence-
activated Cell Sorting. J. Vis. Exp. 2019, 147, e59372. [CrossRef] [PubMed]

23. Karppinen, S.M.; Heljasvaara, R.; Gullberg, D.; Tasanen, K.; Pihlajaniemi, T. Toward understanding scarless skin wound healing
and pathological scarring. F1000Research 2019, 8, 787. [CrossRef] [PubMed]

24. Jiao, H.; Zhang, T.; Fan, J.; Xiao, R. The Superficial Dermis May Initiate Keloid Formation: Histological Analysis of the Keloid
Dermis at Different Depths. Front. Physiol. 2017, 8, 885. [CrossRef] [PubMed]

25. Deng, C.C.; Hu, Y.F.; Zhu, D.H.; Cheng, Q.; Gu, J.J.; Feng, Q.L.; Zhang, L.X.; Xu, Y.P.; Wang, D.; Rong, Z.; et al. Single-cell RNA-seq
reveals fibroblast heterogeneity and increased mesenchymal fibroblasts in human fibrotic skin diseases. Nat. Commun. 2021,
12, 3709. [CrossRef] [PubMed]

92



Pharmaceutics 2023, 15, 10

26. Hinz, B.; McCulloch, C.A.; Coelho, N.M. Mechanical regulation of myofibroblast phenoconversion and collagen contraction. Exp.
Cell Res. 2019, 379, 119–128. [CrossRef]

27. Huang, X.; Gu, S.; Liu, C.; Zhang, L.; Zhang, Z.; Zhao, Y.; Khoong, Y.; Li, H.; Gao, Y.; Liu, Y.; et al. CD39(+) Fibroblasts Enhance
Myofibroblast Activation by Promoting IL-11 Secretion in Hypertrophic Scars. J. Investig. Derm. 2022, 142, 1065–1076.e1019.
[CrossRef]

28. Gyorfi, A.H.; Matei, A.E.; Fuchs, M.; Liang, C.; Rigau, A.R.; Hong, X.; Zhu, H.; Luber, M.; Bergmann, C.; Dees, C.; et al. Engrailed
1 coordinates cytoskeletal reorganization to induce myofibroblast differentiation. J. Exp. Med. 2021, 218, e20201916. [CrossRef]

29. Mascharak, S.; desJardins-Park, H.E.; Davitt, M.F.; Griffin, M.; Borrelli, M.R.; Moore, A.L.; Chen, K.; Duoto, B.; Chinta, M.;
Foster, D.S.; et al. Preventing Engrailed-1 activation in fibroblasts yields wound regeneration without scarring. Science 2021,
372, eaba2374. [CrossRef]

30. Montoni, A.; George, K.M.; Soeur, J.; Tran, C.; Marrot, L.; Rochette, P.J. Chronic UVA1 Irradiation of Human Dermal Fibroblasts:
Persistence of DNA Damage and Validation of a Cell Cultured-Based Model of Photoaging. J. Investig. Derm. 2019, 139,
1821–1824.e1823. [CrossRef]

31. Birch-Machin, M.A.; Russell, E.V.; Latimer, J.A. Mitochondrial DNA damage as a biomarker for ultraviolet radiation exposure
and oxidative stress. Br. J. Derm. 2013, 169 (Suppl. S2), 9–14. [CrossRef] [PubMed]

32. Wolf, J.; Weinberger, B.; Arnold, C.R.; Maier, A.B.; Westendorp, R.G.; Grubeck-Loebenstein, B. The effect of chronological age on
the inflammatory response of human fibroblasts. Exp. Gerontol. 2012, 47, 749–753. [CrossRef] [PubMed]

33. Cavinato, M.; Jansen-Durr, P. Molecular mechanisms of UVB-induced senescence of dermal fibroblasts and its relevance for
photoaging of the human skin. Exp. Gerontol. 2017, 94, 78–82. [CrossRef] [PubMed]

34. Kenny, F.N.; Drymoussi, Z.; Delaine-Smith, R.; Kao, A.P.; Laly, A.C.; Knight, M.M.; Philpott, M.P.; Connelly, J.T. Tissue stiffening
promotes keratinocyte proliferation through activation of epidermal growth factor signaling. J. Cell Sci. 2018, 131, jcs.215780.
[CrossRef]

35. Ghosh, A.K.; Yuan, W.; Mori, Y.; Varga, J. Smad-dependent stimulation of type I collagen gene expression in human skin
fibroblasts by TGF-beta involves functional cooperation with p300/CBP transcriptional coactivators. Oncogene 2000, 19,
3546–3555. [CrossRef]

36. Wang, X.; Qian, Y.; Jin, R.; Wo, Y.; Chen, J.; Wang, C.; Wang, D. Effects of TRAP-1-like protein (TLP) gene on collagen synthesis
induced by TGF-beta/Smad signaling in human dermal fibroblasts. PLoS ONE 2013, 8, e55899. [CrossRef]

37. Strnadova, K.; Sandera, V.; Dvorankova, B.; Kodet, O.; Duskova, M.; Smetana, K.; Lacina, L. Skin aging: The dermal perspective.
Clin. Derm. 2019, 37, 326–335. [CrossRef]

38. Kabashima, K.; Honda, T.; Ginhoux, F.; Egawa, G. The immunological anatomy of the skin. Nat. Rev. Immunol. 2019, 19, 19–30.
[CrossRef]

39. Ho, A.W.; Kupper, T.S. T cells and the skin: From protective immunity to inflammatory skin disorders. Nat. Rev. Immunol. 2019,
19, 490–502. [CrossRef]

40. Laidlaw, B.J.; Gray, E.E.; Zhang, Y.; Ramirez-Valle, F.; Cyster, J.G. Sphingosine-1-phosphate receptor 2 restrains egress of
gammadelta T cells from the skin. J. Exp. Med. 2019, 216, 1487–1496. [CrossRef]

41. Duffy, D.; Perrin, H.; Abadie, V.; Benhabiles, N.; Boissonnas, A.; Liard, C.; Descours, B.; Reboulleau, D.; Bonduelle, O.;
Verrier, B.; et al. Neutrophils transport antigen from the dermis to the bone marrow, initiating a source of memory CD8+ T cells.
Immunity 2012, 37, 917–929. [CrossRef] [PubMed]

42. Dijkgraaf, F.E.; Matos, T.R.; Hoogenboezem, M.; Toebes, M.; Vredevoogd, D.W.; Mertz, M.; van den Broek, B.; Song, J.Y.; Teunissen,
M.B.M.; Luiten, R.M.; et al. Tissue patrol by resident memory CD8(+) T cells in human skin. Nat. Immunol. 2019, 20, 756–764,
Erratum in Nat. Immunol. 2020, 21, 696. [CrossRef] [PubMed]

43. Jee, M.H.; Mraz, V.; Geisler, C.; Bonefeld, C.M. gammadelta T cells and inflammatory skin diseases. Immunol. Rev. 2020, 298,
61–73. [CrossRef] [PubMed]

44. Choi, J.E.; Di Nardo, A. Skin neurogenic inflammation. Semin. Immunopathol. 2018, 40, 249–259. [CrossRef]
45. Lowy, D.B.; Makker, P.G.S.; Moalem-Taylor, G. Cutaneous Neuroimmune Interactions in Peripheral Neuropathic Pain States.

Front. Immunol. 2021, 12, 660203. [CrossRef]
46. Sumpter, T.L.; Balmert, S.C.; Kaplan, D.H. Cutaneous immune responses mediated by dendritic cells and mast cells. JCI Insight

2019, 4, e123947. [CrossRef]
47. Kuroishi, T.; Bando, K.; Bakti, R.K.; Ouchi, G.; Tanaka, Y.; Sugawara, S. Migratory dendritic cells in skin-draining lymph nodes

have nickel-binding capabilities. Sci. Rep. 2020, 10, 5050. [CrossRef]
48. Ibusuki, A.; Nishikawa, T.; Hiraki, T.; Okano, T.; Imai, K.; Kanegane, H.; Ohnishi, H.; Kato, Z.; Fujii, K.; Tanimoto, A.; et al.

Prominent dermal Langerhans cells in an Omenn syndrome patient with a novel mutation in the IL2RG gene. J. Derm. 2019, 46,
1019–1023. [CrossRef]

49. Bastonini, E.; Bellei, B.; Filoni, A.; Kovacs, D.; Iacovelli, P.; Picardo, M. Involvement of non-melanocytic skin cells in vitiligo. Exp.
Derm. 2019, 28, 667–673. [CrossRef]

50. Lowes, M.A.; Suarez-Farinas, M.; Krueger, J.G. Immunology of psoriasis. Annu. Rev. Immunol. 2014, 32, 227–255. [CrossRef]
51. Krishnan, V.; Mitragotri, S. Nanoparticles for topical drug delivery: Potential for skin cancer treatment. Adv. Drug Deliv. Rev.

2020, 153, 87–108. [CrossRef] [PubMed]

93



Pharmaceutics 2023, 15, 10

52. Shan, X.; Gong, X.; Li, J.; Wen, J.; Li, Y.; Zhang, Z. Current approaches of nanomedicines in the market and various stage of clinical
translation. Acta Pharm. Sin. B 2022, 12, 3028–3048. [CrossRef] [PubMed]

53. Lee, H.; Song, C.; Baik, S.; Kim, D.; Hyeon, T.; Kim, D.H. Device-assisted transdermal drug delivery. Adv. Drug Deliv. Rev. 2018,
127, 35–45. [CrossRef] [PubMed]

54. Niu, L.; Chu, L.Y.; Burton, S.A.; Hansen, K.J.; Panyam, J. Intradermal delivery of vaccine nanoparticles using hollow microneedle
array generates enhanced and balanced immune response. J. Control. Release 2019, 294, 268–278. [CrossRef] [PubMed]

55. Elmowafy, M. Skin penetration/permeation success determinants of nanocarriers: Pursuit of a perfect formulation. Colloids Surf.
B Biointerfaces 2021, 203, 111748. [CrossRef] [PubMed]

56. Roberts, M.S.; Mohammed, Y.; Pastore, M.N.; Namjoshi, S.; Yousef, S.; Alinaghi, A.; Haridass, I.N.; Abd, E.; Leite-Silva, V.R.;
Benson, H.; et al. Topical and cutaneous delivery using nanosystems. J. Control. Release 2017, 247, 86–105. [CrossRef] [PubMed]

57. Khabir, Z.; Guller, A.E.; Rozova, V.S.; Liang, L.; Lai, Y.J.; Goldys, E.M.; Hu, H.; Vickery, K.; Zvyagin, A.V. Tracing upconversion
nanoparticle penetration in human skin. Colloids Surf. B Biointerfaces 2019, 184, 110480. [CrossRef]

58. Hung, C.F.; Chen, W.Y.; Hsu, C.Y.; Aljuffali, I.A.; Shih, H.C.; Fang, J.Y. Cutaneous penetration of soft nanoparticles via pho-
todamaged skin: Lipid-based and polymer-based nanocarriers for drug delivery. Eur. J. Pharm. Biopharm. 2015, 94, 94–105.
[CrossRef]

59. Hung, C.F.; Fang, C.L.; Al-Suwayeh, S.A.; Yang, S.Y.; Fang, J.Y. Evaluation of drug and sunscreen permeation via skin irradiated
with UVA and UVB: Comparisons of normal skin and chronologically aged skin. J. Derm. Sci. 2012, 68, 135–148. [CrossRef]

60. Richards, G.M.; Oresajo, C.O.; Halder, R.M. Structure and function of ethnic skin and hair. Derm. Clin. 2003, 21, 595–600.
[CrossRef]

61. Salimi, A.; Sharif Makhmal Zadeh, B.; Godazgari, S.; Rahdar, A. Development and Evaluation of Azelaic Acid-Loaded Microemul-
sion for Transfollicular Drug Delivery Through Guinea Pig Skin: A Mechanistic Study. Adv. Pharm. Bull. 2020, 10, 239–246.
[CrossRef] [PubMed]

62. Jung, S.; Otberg, N.; Thiede, G.; Richter, H.; Sterry, W.; Panzner, S.; Lademann, J. Innovative liposomes as a transfollicular drug
delivery system: Penetration into porcine hair follicles. J. Investig. Derm. 2006, 126, 1728–1732. [CrossRef] [PubMed]

63. Pena-Jimenez, D.; Fontenete, S.; Megias, D.; Fustero-Torre, C.; Grana-Castro, O.; Castellana, D.; Loewe, R.; Perez-Moreno, M.
Lymphatic vessels interact dynamically with the hair follicle stem cell niche during skin regeneration in vivo. EMBO J. 2019,
38, e101688. [CrossRef] [PubMed]

64. Try, C.; Moulari, B.; Beduneau, A.; Fantini, O.; Pin, D.; Pellequer, Y.; Lamprecht, A. Size dependent skin penetration of
nanoparticles in murine and porcine dermatitis models. Eur. J. Pharm. Biopharm. 2016, 100, 101–108. [CrossRef]

65. Pelikh, O.; Eckert, R.W.; Pinnapireddy, S.R.; Keck, C.M. Hair follicle targeting with curcumin nanocrystals: Influence of the
formulation properties on the penetration efficacy. J. Control. Release 2021, 329, 598–613. [CrossRef]

66. Busch, L.; Keziban, Y.; Dahne, L.; Keck, C.M.; Meinke, M.C.; Lademann, J.; Patzelt, A. The impact of skin massage frequency on
the intrafollicular transport of silica nanoparticles: Validation of the ratchet effect on an ex vivo porcine skin model. Eur. J. Pharm.
Biopharm. 2021, 158, 266–272. [CrossRef]

67. Radtke, M.; Patzelt, A.; Knorr, F.; Lademann, J.; Netz, R.R. Ratchet effect for nanoparticle transport in hair follicles. Eur. J. Pharm.
Biopharm. 2017, 116, 125–130. [CrossRef]

68. Patzelt, A.; Mak, W.C.; Jung, S.; Knorr, F.; Meinke, M.C.; Richter, H.; Ruhl, E.; Cheung, K.Y.; Tran, N.; Lademann, J. Do
nanoparticles have a future in dermal drug delivery? J. Control. Release 2017, 246, 174–182. [CrossRef]

69. Lademann, J.; Richter, H.; Meinke, M.C.; Lange-Asschenfeldt, B.; Antoniou, C.; Mak, W.C.; Renneberg, R.; Sterry, W.; Patzelt, A.
Drug delivery with topically applied nanoparticles: Science fiction or reality. Skin Pharm. Physiol. 2013, 26, 227–233. [CrossRef]

70. Kim, M.H.; Jeon, Y.E.; Kang, S.; Lee, J.Y.; Lee, K.W.; Kim, K.T.; Kim, D.D. Lipid Nanoparticles for Enhancing the Physicochemical
Stability and Topical Skin Delivery of Orobol. Pharmaceutics 2020, 12, 845. [CrossRef]

71. Brown, M.B.; Martin, G.P.; Jones, S.A.; Akomeah, F.K. Dermal and Transdermal Drug Delivery Systems: Current and Future
Prospects. Drug Deliv. 2006, 13, 175–187. [CrossRef] [PubMed]

72. Palmer, B.C.; DeLouise, L.A. Nanoparticle-Enabled Transdermal Drug Delivery Systems for Enhanced Dose Control and Tissue
Targeting. Molecules 2016, 21, 1719. [CrossRef] [PubMed]

73. Wang, T.; Yin, L.; Ma, Z.; Zhang, Y. Chlorogenic Acid-Loaded Mesoporous Silica Nanoparticles Modified with Hexa-Histidine
Peptides Reduce Skin Allergies by Capturing Nickel. Molecules 2022, 27, 1430. [CrossRef] [PubMed]

74. Kaur, J.; Anwer, M.K.; Sartaj, A.; Panda, B.P.; Ali, A.; Zafar, A.; Kumar, V.; Gilani, S.J.; Kala, C.; Taleuzzaman, M. ZnO Nanoparticles
of Rubia cordifolia Extract Formulation Developed and Optimized with QbD Application, Considering Ex Vivo Skin Permeation,
Antimicrobial and Antioxidant Properties. Molecules 2022, 27, 1450. [CrossRef] [PubMed]

75. Borges Rosa de Moura, F.; Antonio Ferreira, B.; Helena Muniz, E.; Benatti Justino, A.; Gabriela Silva, A.; de Azambuja Ribeiro,
R.I.M.; Oliveira Dantas, N.; Lisboa Ribeiro, D.; de Assis Araujo, F.; Salmen Espindola, F.; et al. Antioxidant, anti-inflammatory,
and wound healing effects of topical silver-doped zinc oxide and silver oxide nanocomposites. Int. J. Pharm. 2022, 617, 121620.
[CrossRef]

76. Rao, Y.F.; Chen, W.; Liang, X.G.; Huang, Y.Z.; Miao, J.; Liu, L.; Lou, Y.; Zhang, X.G.; Wang, B.; Tang, R.K.; et al. Epirubicin-loaded
superparamagnetic iron-oxide nanoparticles for transdermal delivery: Cancer therapy by circumventing the skin barrier. Small
2015, 11, 239–247. [CrossRef]

94



Pharmaceutics 2023, 15, 10

77. Pedram Rad, Z.; Mokhtari, J.; Abbasi, M. Fabrication and characterization of PCL/zein/gum arabic electrospun nanocomposite
scaffold for skin tissue engineering. Mater. Sci. Eng. C Mater. Biol. Appl. 2018, 93, 356–366. [CrossRef]

78. Graff, P.; Honzke, S.; Joshi, A.A.; Yealland, G.; Fleige, E.; Unbehauen, M.; Schafer-Korting, M.; Hocke, A.; Haag, R.; Hedtrich, S.
Preclinical Testing of Dendritic Core-Multishell Nanoparticles in Inflammatory Skin Equivalents. Mol. Pharm. 2022, 19, 1795–1802.
[CrossRef]

79. Gehrcke, M.; de Bastos Brum, T.; da Rosa, L.S.; Ilha, B.D.; Soares, F.Z.M.; Cruz, L. Incorporation of nanocapsules into gellan gum
films: A strategy to improve the stability and prolong the cutaneous release of silibinin. Mater. Sci. Eng. C Mater. Biol. Appl. 2021,
119, 111624. [CrossRef]

80. Gupta, T.; Kenjale, P.; Pokharkar, V. QbD-based optimization of raloxifene-loaded cubosomal formulation for transdemal delivery:
Ex vivo permeability and in vivo pharmacokinetic studies. Drug Deliv. Transl. Res. 2022, 12, 2979–2992. [CrossRef]

81. Ghasemiyeh, P.; Azadi, A.; Daneshamouz, S.; Heidari, R.; Azarpira, N.; Mohammadi-Samani, S. Cyproterone acetate-loaded
nanostructured lipid carriers: Effect of particle size on skin penetration and follicular targeting. Pharm. Dev. Technol. 2019, 24,
812–823. [CrossRef] [PubMed]

82. Tak, Y.K.; Pal, S.; Naoghare, P.K.; Rangasamy, S.; Song, J.M. Shape-Dependent Skin Penetration of Silver Nanoparticles: Does It
Really Matter? Sci. Rep. 2015, 5, 16908. [CrossRef] [PubMed]

83. Jingge, M.; Chengtie, W. Bioactive inorganic particles-based biomaterials for skin tissue engineering. Exploration 2022, 2, 20210083.
[CrossRef]

84. Muchova, J.; Hearnden, V.; Michlovska, L.; Vistejnova, L.; Zavadakova, A.; Smerkova, K.; Kociova, S.; Adam, V.; Kopel, P.;
Vojtova, L. Mutual influence of selenium nanoparticles and FGF2-STAB((R)) on biocompatible properties of collagen/chitosan 3D
scaffolds: In vitro and ex ovo evaluation. J. Nanobiotechnol. 2021, 19, 103. [CrossRef] [PubMed]

85. Chen, Y.; Feng, X. Gold nanoparticles for skin drug delivery. Int. J. Pharm. 2022, 625, 122122. [CrossRef]
86. Niu, J.; Chu, Y.; Huang, Y.F.; Chong, Y.S.; Jiang, Z.H.; Mao, Z.W.; Peng, L.H.; Gao, J.Q. Transdermal Gene Delivery by Functional

Peptide-Conjugated Cationic Gold Nanoparticle Reverses the Progression and Metastasis of Cutaneous Melanoma. ACS Appl.
Mater. Interfaces 2017, 9, 9388–9401. [CrossRef]

87. Ramadan, S.; Guo, L.; Li, Y.; Yan, B.; Lu, W. Hollow copper sulfide nanoparticle-mediated transdermal drug delivery. Small 2012,
8, 3143–3150. [CrossRef]

88. Sivasankarapillai, V.S.; Vishnu Kirthi, A.; Akksadha, M.; Indu, S.; Dhiviya Dharshini, U.; Pushpamalar, J.; Karthik, L. Recent
advancements in the applications of carbon nanodots: Exploring the rising star of nanotechnology. Nanoscale Adv. 2020, 2,
1760–1773. [CrossRef]

89. Bankoti, K.; Rameshbabu, A.P.; Datta, S.; Roy, M.; Goswami, P.; Roy, S.; Das, A.K.; Ghosh, S.K.; Dhara, S. Carbon nanodot
decorated acellular dermal matrix hydrogel augments chronic wound closure. J. Mater. Chem. B 2020, 8, 9277–9294. [CrossRef]

90. Zielinska, A.; Carreiro, F.; Oliveira, A.M.; Neves, A.; Pires, B.; Venkatesh, D.N.; Durazzo, A.; Lucarini, M.; Eder, P.; Silva, A.M.; et al.
Polymeric Nanoparticles: Production, Characterization, Toxicology and Ecotoxicology. Molecules 2020, 25, 3731. [CrossRef]

91. Mittal, A.; Raber, A.S.; Schaefer, U.F.; Weissmann, S.; Ebensen, T.; Schulze, K.; Guzman, C.A.; Lehr, C.M.; Hansen, S. Non-invasive
delivery of nanoparticles to hair follicles: A perspective for transcutaneous immunization. Vaccine 2013, 31, 3442–3451. [CrossRef]
[PubMed]

92. Gao, F.; Li, W.; Deng, J.; Kan, J.; Guo, T.; Wang, B.; Hao, S. Recombinant Human Hair Keratin Nanoparticles Accelerate Dermal
Wound Healing. ACS Appl. Mater. Interfaces 2019, 11, 18681–18690. [CrossRef] [PubMed]

93. Wang, M.; Wang, C.; Chen, M.; Xi, Y.; Cheng, W.; Mao, C.; Xu, T.; Zhang, X.; Lin, C.; Gao, W.; et al. Efficient Angiogenesis-Based
Diabetic Wound Healing/Skin Reconstruction through Bioactive Antibacterial Adhesive Ultraviolet Shielding Nanodressing
with Exosome Release. ACS Nano 2019, 13, 10279–10293. [CrossRef] [PubMed]

94. Permana, A.D.; Paredes, A.J.; Volpe-Zanutto, F.; Anjani, Q.K.; Utomo, E.; Donnelly, R.F. Dissolving microneedle-mediated dermal
delivery of itraconazole nanocrystals for improved treatment of cutaneous candidiasis. Eur. J. Pharm. Biopharm. 2020, 154, 50–61.
[CrossRef]

95. Jin, N.; Pyo, S.M.; Keck, C.M.; Muller, R.H. Azithromycin nanocrystals for dermal prevention of tick bite infections. Pharmazie
2019, 74, 277–285. [CrossRef]

96. Jeong, H.; Nam, S.; Song, J.; Park, S. Synthesis and physicochemical properties of pH-sensitive hydrogel based on carboxymethyl
chitosan/2-hydroxyethyl acrylate for transdermal delivery of nobiletin. J. Drug Deliv. Sci. Technol. 2019, 51, 194–203. [CrossRef]

97. Junior, D.M.; Hausen, M.A.; Asami, J.; Higa, A.M.; Leite, F.L.; Mambrini, G.P.; Rossi, A.L.; Komatsu, D.; Duek, E.A.R. A New
Dermal Substitute Containing Polyvinyl Alcohol with Silver Nanoparticles and Collagen with Hyaluronic Acid: In Vitro and In
Vivo Approaches. Antibiotics 2021, 10, 742. [CrossRef]

98. Kanemaru, M.; Asai, J.; Jo, J.I.; Arita, T.; Kawai-Ohnishi, M.; Tsutsumi, M.; Wada, M.; Tabata, Y.; Katoh, N. Nanoparticle-mediated
local delivery of pioglitazone attenuates bleomycin-induced skin fibrosis. J. Derm. Sci. 2019, 93, 41–49. [CrossRef]

99. Kim, H.; Lee, S.; Ki, C.S. Modular formation of hyaluronic acid/beta-glucan hybrid nanogels for topical dermal delivery targeting
skin dendritic cells. Carbohydr. Polym. 2021, 252, 117132. [CrossRef]

100. Yan, Y.; Liang, H.; Liu, X.; Liu, L.; Chen, Y. Topical cationic hairy particles targeting cell free DNA in dermis enhance treatment of
psoriasis. Biomaterials 2021, 276, 121027. [CrossRef]

95



Pharmaceutics 2023, 15, 10

101. Lorenzoni, R.; Contri, R.V.; Lima, C.K.F.; Barreto, F.; Araujo, B.V.; Pohlmann, A.R.; de Miranda, A.L.P.; Costa, T.D.; Guterres, S.S.
Dermatopharmacokinetic and pharmacodynamic evaluation of a novel nanostructured formulation containing capsaicinoids for
treating neuropathic pain. Int. J. Pharm. 2021, 596, 120294. [CrossRef] [PubMed]

102. Sanad, R.A.; Abdel-Bar, H.M. Chitosan-hyaluronic acid composite sponge scaffold enriched with Andrographolide-loaded lipid
nanoparticles for enhanced wound healing. Carbohydr. Polym. 2017, 173, 441–450. [CrossRef] [PubMed]

103. Li, X.; Widjaya, A.S.; Liu, J.; Liu, X.; Long, Z.; Jiang, Y. Cell-penetrating corosolic acid liposome as a functional carrier for
delivering chemotherapeutic drugs. Acta Biomater. 2020, 106, 301–313. [CrossRef] [PubMed]

104. Beaulac, C.; Sachetelli, S.; Lagace, J. In-vitro bactericidal efficacy of sub-MIC concentrations of liposome-encapsulated antibiotic
against gram-negative and gram-positive bacteria. J. Antimicrob. Chemother. 1998, 41, 35–41. [CrossRef] [PubMed]

105. Khater, D.; Nsairat, H.; Odeh, F.; Saleh, M.; Jaber, A.; Alshaer, W.; Bawab, A.; Mubarak, M. Design, Preparation, and Characteriza-
tion of Effective Dermal and Transdermal Lipid Nanoparticles: A Review. Cosmetics 2021, 8, 39. [CrossRef]

106. Lebron, J.A.; Lopez-Lopez, M.; Garcia-Calderon, C.B.; Rosado, V.I.; Balestra, F.R.; Huertas, P.; Rodik, R.V.; Kalchenko, V.I.; Bernal,
E.; Moya, M.L.; et al. Multivalent Calixarene-Based Liposomes as Platforms for Gene and Drug Delivery. Pharmaceutics 2021,
13, 1250. [CrossRef]

107. Keck, C.M.; Specht, D.; Brussler, J. Influence of lipid matrix composition on biopharmaceutical properties of lipid nanoparticles.
J. Control. Release 2021, 338, 149–163. [CrossRef]

108. Anantaworasakul, P.; Anuchapreeda, S.; Yotsawimonwat, S.; Naksuriya, O.; Lekawanvijit, S.; Tovanabutra, N.; Anantaworasakul,
P.; Wattanasri, W.; Buranapreecha, N.; Ampasavate, C. Nanomaterial Lipid-Based Carrier for Non-Invasive Capsaicin Delivery;
Manufacturing Scale-Up and Human Irritation Assessment. Molecules 2020, 25, 5575. [CrossRef]

109. Shahraeini, S.S.; Akbari, J.; Saeedi, M.; Morteza-Semnani, K.; Abootorabi, S.; Dehghanpoor, M.; Rostamkalaei, S.S.; Nokhodchi, A.
Atorvastatin Solid Lipid Nanoparticles as a Promising Approach for Dermal Delivery and an Anti-inflammatory Agent. AAPS
PharmSciTech 2020, 21, 263. [CrossRef]

110. Rostamkalaei, S.S.; Akbari, J.; Saeedi, M.; Morteza-Semnani, K.; Nokhodchi, A. Topical gel of Metformin solid lipid nanoparticles:
A hopeful promise as a dermal delivery system. Colloids Surf. B Biointerfaces 2019, 175, 150–157. [CrossRef]

111. Essaghraoui, A.; Belfkira, A.; Hamdaoui, B.; Nunes, C.; Lima, S.A.C.; Reis, S. Improved Dermal Delivery of Cyclosporine A
Loaded in Solid Lipid Nanoparticles. Nanomaterials 2019, 9, 1204. [CrossRef] [PubMed]

112. de Souza Guedes, L.; Martinez, R.M.; Bou-Chacra, N.A.; Velasco, M.V.R.; Rosado, C.; Baby, A.R. An Overview on Topical
Administration of Carotenoids and Coenzyme Q10 Loaded in Lipid Nanoparticles. Antioxidants 2021, 10, 1034. [CrossRef]
[PubMed]

113. Pham, C.; Van, M.; Thi, H.; Thanh, C.; Ngoc, B.; Van, B.; Thien, G.; Van, B.; Nguyen, C. Development of ibuprofen-loaded
solid lipid nanoparticle-based hydrogels for enhanced in vitro dermal permeation and in vivo topical anti-inflammatory activity.
J. Drug Deliv. Sci. Technol. 2020, 57, 101758. [CrossRef]

114. Amasya, G.; Ozturk, C.; Aksu, B.; Tarimci, N. QbD based formulation optimization of semi-solid lipid nanoparticles as nano-
cosmeceuticals. J. Drug Deliv. Sci. Technol. 2021, 66, 102737. [CrossRef]

115. Boskabadi, M.; Saeedi, M.; Akbari, J.; Morteza-Semnani, K.; Hassan-Hashemi, S.; Babaei, A. Topical Gel of Vitamin A Solid Lipid
Nanoparticles: A Hopeful Promise as a Dermal Delivery System. Adv. Pharm. Bull. 2021, 11, 663–674. [CrossRef]

116. Qiu, T.; Gao, S.; Liang, Z.; Wang, D.G.; Tabassum, H.; Zhong, R.; Zou, R. Pristine Hollow Metal-Organic Frameworks: Design,
Synthesis and Application. Angew. Chem. Int. Ed. Engl. 2021, 60, 17314–17336. [CrossRef]

117. Morris, R.E.; Wheatley, P.S. Gas storage in nanoporous materials. Angew. Chem. Int. Ed. Engl. 2008, 47, 4966–4981. [CrossRef]
118. Dhurjad, P.; Dhalaram, C.S.; Ali, N.; Kumari, N.; Sonti, R. Metal-organic frameworks in chiral separation of pharmaceuticals.

Chirality 2022, 34, 1419–1436. [CrossRef]
119. Li, H.Y.; Zhao, S.N.; Zang, S.Q.; Li, J. Functional metal-organic frameworks as effective sensors of gases and volatile compounds.

Chem. Soc. Rev. 2020, 49, 6364–6401. [CrossRef]
120. Huang, Y.B.; Liang, J.; Wang, X.S.; Cao, R. Multifunctional metal-organic framework catalysts: Synergistic catalysis and tandem

reactions. Chem Soc. Rev. 2017, 46, 126–157. [CrossRef]
121. Haider, J.; Shahzadi, A.; Akbar, M.U.; Hafeez, I.; Shahzadi, I.; Khalid, A.; Ashfaq, A.; Ahmad, S.O.A.; Dilpazir, S.; Imran, M.; et al.

A review of synthesis, fabrication, and emerging biomedical applications of metal-organic frameworks. Biomater. Adv. 2022, 140,
213049. [CrossRef] [PubMed]

122. Ma, Y.; Qu, X.; Liu, C.; Xu, Q.; Tu, K. Metal-Organic Frameworks and Their Composites Towards Biomedical Applications. Front.
Mol. Biosci. 2021, 8, 805228. [CrossRef] [PubMed]

123. Zhou, Y.; Yang, T.; Liang, K.; Chandrawati, R. Metal-organic frameworks for therapeutic gas delivery. Adv. Drug Deliv. Rev. 2021,
171, 199–214. [CrossRef] [PubMed]

124. Wang, Y.; Hu, Y.; He, Q.; Yan, J.; Xiong, H.; Wen, N.; Cai, S.; Peng, D.; Liu, Y.; Liu, Z. Metal-organic frameworks for virus detection.
Biosens. Bioelectron. 2020, 169, 112604. [CrossRef]

125. Mao, H.; Yu, L.; Tu, M.; Wang, S.; Zhao, J.; Zhang, H.; Cao, Y. Recent Advances on the Metal-Organic Frameworks-Based
Biosensing Methods for Cancer Biomarkers Detection. Crit. Rev. Anal. Chem. 2022, 1–17. [CrossRef]

126. Muldoon, P.F.; Collet, G.; Eliseeva, S.V.; Luo, T.Y.; Petoud, S.; Rosi, N.L. Ship-in-a-Bottle Preparation of Long Wavelength
Molecular Antennae in Lanthanide Metal-Organic Frameworks for Biological Imaging. J. Am. Chem Soc. 2020, 142, 8776–8781.
[CrossRef]

96



Pharmaceutics 2023, 15, 10

127. Tamames-Tabar, C.; Imbuluzqueta, E.; Guillou, N.; Serre, C.B.S.R.M.; Elkaïm, E.C.P.H.; Blanco-Prieto, M.J. A Zn azelate MOF:
Combining antibacterial effect. CrystEngComm 2015, 17, 456–462. [CrossRef]

128. Quaresma, S.; Andre, V.; Antunes, A.M.M.; Vilela, S.M.F.; Amariei, G.; Arenas-Vivo, A.; Rosal, R.; Horcajada, P.; Duarte, M.T.
Novel Antibacterial Azelaic Acid BioMOFs. Cryst. Growth Des. 2020, 20, 370–382. [CrossRef]

129. Yang, J.; Wang, C.; Liu, X.; Yin, Y.; Ma, Y.-H.; Gao, Y.; Wang, Y.; Lu, Z.; Song, Y. Gallium–Carbenicillin Framework Coated
Defect-Rich Hollow TiO2 as a Photocatalyzed Oxidative Stress Amplifier against Complex Infections. Adv. Funct. Mater. 2020,
30, 2004861. [CrossRef]

130. Duan, F.; Feng, X.; Jin, Y.; Liu, D.; Yang, X.; Zhou, G.; Liu, D.; Li, Z.; Liang, X.J.; Zhang, J. Metal-carbenicillin framework-based
nanoantibiotics with enhanced penetration and highly efficient inhibition of MRSA. Biomaterials 2017, 144, 155–165. [CrossRef]

131. Xiao, J.; Zhu, Y.; Huddleston, S.; Li, P.; Xiao, B.; Farha, O.K.; Ameer, G.A. Copper Metal-Organic Framework Nanoparticles
Stabilized with Folic Acid Improve Wound Healing in Diabetes. ACS Nano 2018, 12, 1023–1032. [CrossRef]

132. Liu, Z.; Wang, F.; Ren, J.; Qu, X. A series of MOF/Ce-based nanozymes with dual enzyme-like activity disrupting biofilms and
hindering recolonization of bacteria. Biomaterials 2019, 208, 21–31. [CrossRef]

133. Zhang, L.; Liu, Z.; Deng, Q.; Sang, Y.; Dong, K.; Ren, J.; Qu, X. Nature-Inspired Construction of MOF@COF Nanozyme with
Active Sites in Tailored Microenvironment and Pseudopodia-Like Surface for Enhanced Bacterial Inhibition. Angew. Chem. Int.
Ed. Engl. 2021, 60, 3469–3474. [CrossRef]

134. Ren, X.; Yang, C.; Zhang, L.; Li, S.; Shi, S.; Wang, R.; Zhang, X.; Yue, T.; Sun, J.; Wang, J. Copper metal-organic frameworks loaded
on chitosan film for the efficient inhibition of bacteria and local infection therapy. Nanoscale 2019, 11, 11830–11838. [CrossRef]

135. Xiao, J.; Chen, S.; Yi, J.; Zhang, H.; Ameer, G.A. A Cooperative Copper Metal-Organic Framework-Hydrogel System Improves
Wound Healing in Diabetes. Adv. Funct. Mater. 2017, 27, 1604872. [CrossRef]

136. Yao, X.; Zhu, G.; Zhu, P.; Ma, J.; Chen, W.; Liu, Z.; Kong, T. Omniphobic ZIF-8@Hydrogel Membrane by Microfluidic-Emulsion-
Templating Method for Wound Healing. Adv. Funct. Mater. 2020, 30, 1909389. [CrossRef]

137. Chen, G.; Yu, Y.; Wu, X.; Wang, G.; Gu, G.; Wang, F.; Ren, J.; Zhang, H.; Zhao, Y. Microfluidic Electrospray Niacin Metal-Organic
Frameworks Encapsulated Microcapsules for Wound Healing. Research 2019, 2019, 6175398. [CrossRef]

138. Han, D.; Li, Y.; Liu, X.; Li, B.; Han, Y.; Zheng, Y.; Yeung, K.W.K.; Li, C.; Cui, Z.; Liang, Y.; et al. Rapid bacteria trapping and killing
of metal-organic frameworks strengthened photo-responsive hydrogel for rapid tissue repair of bacterial infected wounds. Chem.
Eng. J. 2020, 396, 125194. [CrossRef]

139. Zhang, M.; Wang, G.; Wang, D.; Zheng, Y.; Li, Y.; Meng, W.; Zhang, X.; Du, F.; Lee, S. Ag@MOF-loaded chitosan nanoparticle and
polyvinyl alcohol/sodium alginate/chitosan bilayer dressing for wound healing applications. Int. J. Biol. Macromol. 2021, 175,
481–494. [CrossRef]

140. Zhang, M.; Qiao, R.; Hu, J. Engineering Metal-Organic Frameworks (MOFs) for Controlled Delivery of Physiological Gaseous
Transmitters. Nanomaterials 2020, 10, 1134. [CrossRef]

141. Malone-Povolny, M.J.; Maloney, S.E.; Schoenfisch, M.H. Nitric Oxide Therapy for Diabetic Wound Healing. Adv. Healthc. Mater.
2019, 8, e1801210. [CrossRef]

142. Pinto, R.V.; Wang, S.; Tavares, S.R.; Pires, J.; Antunes, F.; Vimont, A.; Clet, G.; Daturi, M.; Maurin, G.; Serre, C.; et al. Tuning
Cellular Biological Functions Through the Controlled Release of NO from a Porous Ti-MOF. Angew. Chem. Int. Ed. Engl. 2020, 59,
5135–5143. [CrossRef]

143. Pinto, R.V.; Antunes, F.; Pires, J.; Graca, V.; Brandao, P.; Pinto, M.L. Vitamin B3 metal-organic frameworks as potential delivery
vehicles for therapeutic nitric oxide. Acta Biomater. 2017, 51, 66–74. [CrossRef]

144. Marquez, A.G.; Hidalgo, T.; Lana, H.; Cunha, D.; Blanco-Prieto, M.J.; Alvarez-Lorenzo, C.; Boissiere, C.; Sanchez, C.; Serre, C.;
Horcajada, P. Biocompatible polymer-metal-organic framework composite patches for cutaneous administration of cosmetic
molecules. J. Mater. Chem. B 2016, 4, 7031–7040. [CrossRef]

145. Osorio-Toribio, G.; Velasquez-Hernandez, M.J.; Mileo, P.G.M.; Zarate, J.A.; Aguila-Rosas, J.; Leyva-Gomez, G.; Sanchez-Sanchez,
R.; Magana, J.J.; Perez-Diaz, M.A.; Lazaro, I.A.; et al. Controlled Transdermal Release of Antioxidant Ferulate by a Porous Sc(III)
MOF. iScience 2020, 23, 101156. [CrossRef]

146. Taherzade, S.D.; Rojas, S.; Soleimannejad, J.; Horcajada, P. Combined Cutaneous Therapy Using Biocompatible Metal-Organic
Frameworks. Nanomaterials 2020, 10, 2296. [CrossRef]

147. Li, J.; Lv, F.; Li, J.; Li, Y.; Gao, J.; Luo, J.; Xue, F.; Ke, Q.; Xu, H. Cobalt-based metal–organic framework as a dual cooperative
controllable release system for accelerating diabetic wound healing. Nano Res. 2020, 13, 2268–2279. [CrossRef]

148. McKinlay, A.C.; Allan, P.K.; Renouf, C.L.; Duncan, M.J.; Wheatley, P.S.; Warrender, S.J.; Dawson, D.; Ashbrook, S.E.; Gil, B.;
Marszalek, B.; et al. Multirate delivery of multiple therapeutic agents from metal-organic frameworks. APL Mater. 2014, 2, 124108.
[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.

97



pharmaceutics

Article

Cataleptogenic Effect of Haloperidol Formulated in
Water-Soluble Calixarene-Based Nanoparticles

Nadezda E. Kashapova 1,*, Ruslan R. Kashapov 1,*, Albina Y. Ziganshina 1, Dmitry O. Nikitin 2,

Irina I. Semina 2, Vadim V. Salnikov 3, Vitaliy V. Khutoryanskiy 4, Rouslan I. Moustafine 5

and Lucia Y. Zakharova 1

1 Arbuzov Institute of Organic and Physical Chemistry, FRC Kazan Scientific Center of RAS, 8 Arbuzov Str.,
420088 Kazan, Russia

2 Department of Pharmacology, Kazan State Medical University, 49 Butlerov Str., 420012 Kazan, Russia
3 Kazan Institute of Biochemistry and Biophysics, FRC Kazan Scientific Center of RAS, 2/31 Lobachevsky Str.,

420111 Kazan, Russia
4 School of Pharmacy, University of Reading, Whiteknights, Reading RG6 6DX, UK
5 Institute of Pharmacy, Kazan State Medical University, 16 Fatykh Amirkhan Str., 420126 Kazan, Russia
* Correspondence: kashapova.nadya@gmail.com (N.E.K.); kashapov@iopc.ru (R.R.K.)

Abstract: In this study, a water-soluble form of haloperidol was obtained by coaggregation with
calix[4]resorcinol bearing viologen groups on the upper rim and decyl chains on the lower rim to form
vesicular nanoparticles. The formation of nanoparticles is achieved by the spontaneous loading of
haloperidol into the hydrophobic domains of aggregates based on this macrocycle. The mucoadhesive
and thermosensitive properties of calix[4]resorcinol–haloperidol nanoparticles were established by
UV-, fluorescence and CD spectroscopy data. Pharmacological studies have revealed low in vivo
toxicity of pure calix[4]resorcinol (LD50 is 540 ± 75 mg/kg for mice and 510 ± 63 mg/kg for rats)
and the absence of its effect on the motor activity and psycho-emotional state of mice, which opens
up a possibility for its use in the design of effective drug delivery systems. Haloperidol formulated
with calix[4]resorcinol exhibits a cataleptogenic effect in rats both when administered intranasally
and intraperitoneally. The effect of the intranasal administration of haloperidol with macrocycle in
the first 120 min is comparable to the effect of commercial haloperidol, but the duration of catalepsy
was shorter by 2.9 and 2.3 times (p < 0.05) at 180 and 240 min, respectively, than that of the control.
There was a statistically significant reduction in the cataleptogenic activity at 10 and 30 min after
the intraperitoneal injection of haloperidol with calix[4]resorcinol, then there was an increase in the
activity by 1.8 times (p < 0.05) at 60 min, and after 120, 180 and 240 min the effect of this haloperidol
formulation was at the level of the control sample.

Keywords: calixarene; haloperidol; mucoadhesion; self-assembly; TEM; nanoparticles; toxicity
in vivo; open field; catalepsy

1. Introduction

Haloperidol is known as a psychotropic drug with antipsychotic, neuroleptic, and
antiemetic activities. This drug has low water solubility and high permeability through
biological tissues [1,2]. Due to the fact that the low water solubility of haloperidol limits
its therapeutic potential, the effect of its action with various routes of administration
is currently being widely studied. Nasal administration is considered as a promising
approach to deliver drugs to the brain [3]. However, with intranasal administration of
haloperidol, its bioavailability is limited since the drug must be in solution for its effective
absorption. Dissolution becomes the rate-limiting step if it occurs more slowly than
absorption. Varying the composition of the dosage form can change the rate of dissolution
and thus control the overall absorption. Different approaches to overcome poor aqueous
solubility of drugs, such as solid dispersion and liquisolid dispersion techniques [4,5],
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micellar solubilization [6,7], an inclusion of an active poorly water-soluble drug in various
nanoparticles [8–10], cyclodextrins [11–14], and liposomes [15,16] are often used to increase
a drug’s solubility and, as a result, improve its bioavailability. In addition, there are several
studies describing the inclusion of water-insoluble drugs into a calixarene cavity to form
guest-host complexes [17–20], with a significant improvement of the in vitro dissolution
profile and, in some cases, an increase in bioavailability [18,20] and a decrease of in vivo
acute oral toxicity compared to the pure drug [20].

There are known examples of incorporating haloperidol into formulations based on
lipids, surfactants and their mixtures [21], for the intranasal delivery of haloperidol, with
improved pharmacokinetic profiles compared to the individual drug. In addition, the
loading of haloperidol into nanoparticles based on anionic PEGylated Eudragit® L100-55
and cationic Eudragit® EPO polymers significantly increased the in vivo nose-to-brain
delivery of haloperidol [22]. However, when haloperidol was loaded into hybrid nanopar-
ticles based on the Eudragit L100-55 copolymer and the polymeric surfactant Brij98, its
absorption was slowed down, which was expressed by a decrease in the pharmacolog-
ical activity (cataleptogenic effect) compared to its free form [23]. Attempts to develop
intranasal formulations are caused by problems with the oral delivery of haloperidol, when
the drug enters systemic circulation after undergoing first-pass metabolism. In addition,
haloperidol is 90% bound to plasma proteins, which leads to its low oral availability. Mean-
while, the intranasal administration of haloperidol can provide targeted delivery to the
brain, bypassing the blood-brain barrier.

The nasal mucosa also acts as a barrier to drug penetration through the epithelial cells.
The use of particles capable of adhering to mucous membranes as carriers may facilitate the
retention of drugs on the surface providing more time for their absorption and increasing
the effectiveness of their action. In our recent work, using porcine gastric mucin (PGM)
as a model mucin, we have shown that viologen derivatives of calix[4]resorcinol interact
with mucin strongly and, in combination with a drug (caffeine), the mixed systems exhibit
mucoadhesive properties [24]. Due to their amphiphilic structure, the studied calixarenes
are able to spontaneously self-assemble in aqueous solution with the formation of large
aggregates, in which sparingly soluble drugs can be solubilized. In addition, π-electron-
deficient 4,4′-bipyridinium units at the upper rim of the macrocyclic platform are able
to selectively bind π-electron-rich molecules to form guest-host complexes [25], and also
provide aqueous solubility, which is an important requirement for the development of
efficient drug delivery carriers. Moreover, the search for new types of carriers of hydropho-
bic drugs, including haloperidol, remains an urgent task, since the previously studied
formulations based on lipids, surfactants, their mixtures, and polymers are not without
drawbacks, such as, for example, a laborious and multi-stage procedure for preparing
nanoparticles using organic solvents and temperature, which does not meet the criteria
of green chemistry. The formation of a complex between an amphiphilic calixarene and a
hydrophobic drug can not only increase the aqueous solubility of the latter, but leads to
the spontaneous formation of nanosized particles, which can make such macrocycles more
preferable for formulating lipophilic biologically active substances. It should be noted that,
to the best of our knowledge, there are no studies on the incorporation of haloperidol into
calixarene molecules in the literature. The aim of this work was to prepare nanoparticles
based on calix[4]resorcinol bearing viologen groups on the upper rim and decyl chains on
the lower rim (VC10) and haloperidol (Hal) (Figure 1), to study the in vivo toxicity of VC10

and its neurotropic properties, and to evaluate the cataleptogenic effect of the VC10–Hal

formulation in comparison with a commercial formulation of Hal.
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Figure 1. Molecular structures of calix[4]resorcinol VC10 (a) and Hal (b).

2. Materials and Methods

2.1. Chemicals and Reagents

Calix[4]resorcinol VC10 was synthesized by the reaction of tetra-(bromomethyl)calix[4]
resorcinol with monomethylviologen using the procedure described in the literature [26].
Haloperidol, Hal (Alfa Aesar), D2O (99.9 atom% D, Carl Roth GmbH), mucin from porcine
stomach, and PGM (Type III, bound sialic acid 0.5–1.5%, partially purified powder, Sigma-
Aldrich (St. Louis, MO, USA)) were purchased and used without further purification.
Deionized, ultrapure water with a resistivity of 18.2 MΩ was generated using a Direct
Q-5 UV water purification system from Millipore SAS (Molsheim, France) and was used
throughout this work.

2.2. Methods
2.2.1. UV-Vis Spectroscopy

The UV-Vis absorption spectra were recorded using a Specord 250 Plus spectropho-
tometer (Analytik Jena AG, Jena, Germany) equipped with a temperature controller ac-
cessory (Peltier). Measurements were carried out using a 1-mm quartz cuvette at 25 ◦C,
over a wavelength range of 220–500 nm. The turbidity (absorption, A) of the samples in
turbidimetric titration was measured at λ = 500 nm in a 1-cm quartz cuvette.

2.2.2. NMR Spectroscopy

The 1H NMR spectra were recorded using a Bruker AVANCE(III)-600 spectrometer
(Rheinstetten, Germany) operating at 600.1 MHz, which was equipped with a 5 mm
broadband inverse probe head with z-gradient accessories to produce a field gradient up to
50 G·cm–1. The samples were prepared in D2O. The spectra were recorded at 303.0 ± 0.2 K.
The chemical shifts are reported in the ppm scale and refer to the solvent (δ(HDO) 4.7 ppm).

2.2.3. Dynamic Light Scattering

The hydrodynamic diameters of the VC10–Hal systems (molar ratio 1:1) at different
concentrations (0.025 mM, 0.05 mM, 0.075 mM, 0.1 mM, 0.15 mM, 0.2 mM, 0.25 mM, 0.3 mM)
were measured via the dynamic light scattering method using a Malvern Zetasizer Nano
ZS particle size analyzer (Malvern Instruments Ltd., Worcestershire, UK). The light source
was a 4 mW He-Ne laser with a wavelength of 632.8 nm. All measurements were carried
out in disposable polystyrene cells in automatic mode at 25 ◦C, at a fixed scattering angle of
173◦. The mean particle size ± standard deviation from three measurements was calculated
using Malvern Zetasizer Software.
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2.2.4. Transmission Electron Microscopy

The morphology of the VC10–Hal aggregates was examined using electron microscopy
with a Hitachi HT7800 transmission electron microscope (Hitachi High-Tech Science Cor-
poration, Tokyo, Japan). The sample for imaging was prepared in deionized water; 5 μL
of the solution was applied straight onto a 3.05 mm diameter copper grid with a formvar
film (01700-F, Ted Pella, Inc., Redding, CA, USA) and dried at room temperature. The grid
with the dried sample was placed in the transmission electron microscope using a special
holder, followed by imaging at an accelerating voltage of 80 kV in the TEM mode.

2.2.5. Fluorescence Spectroscopy

The fluorescence spectra were recorded by a Hitachi F-7100 Fluorescence Instrument
(Hitachi High-Tech Science Corporation, Tokyo, Japan) with a xenon lamp as an excitation
source and a temperature controller unit. Steady state fluorescence spectra were recorded
using a 1 cm path length quartz cuvette (Hellma Analytics, Müllheim, Germany) in the
range from 290 to 450 nm with an excitation light wavelength of 270 nm at temperatures of
298 K, 305 K, and 312 K. The slit widths of excitation and emission were set as 5 nm and
5 nm, respectively. The emission spectra of PGM at a constant concentration (0.05 mg/mL)
were recorded in a titration series with a gradual increase in the concentration of VC10 and
VC10–Hal (molar ratio 1:1). The fluorescence intensity, at a wavelength of 330 nm, was
used for the calculations given in Section 3.3.

2.2.6. Circular Dichroism Spectroscopy

Circular dichroism (CD) spectra were recorded on a JASCO J-1500 spectropolarimeter
(JASCO Corporation, Tokyo, Japan). Measurements were carried out using a 1 mm path
length quartz cuvette at room temperature (25 ◦C). CD spectra were recorded from 250 to
190 nm with a bandwidth of 1 nm, scanning speed of 100 nm/min, and data pitch of 1 nm.
In all samples, the concentration of PGM was 1 mg/mL. CD spectra were the average of
three scans in each of two independent measurements.

2.2.7. In Vivo Experiments

In vivo experiments were carried out using 62 male Wistar rats weighing 250–270 g
and 54 white male mice weighing 18–22 g. Prior to the experiments, all animals were
kept under standard vivarium conditions with a natural light regime and on a complete
balanced diet in compliance with the International Recommendations of the European
Convention for the Protection of Vertebrate Animals used in Experimental Research (1997),
and the Rules of Laboratory Practice approved by the order of the Ministry of Health of
the Russian Federation No. 199n, 1 April 2016. All in vivo experiments reported in this
work were approved by the Ethical Committee of Kazan State Medical University (Protocol
No. 8 of 30 October 2018).

Toxicity Assay

To determine the acute toxicity, a freshly prepared aqueous solution of VC10 was
administered intraperitoneally to male mice and male Wistar rats. Each study dose was
applied to six animals. The dose that did not cause the death of any animal out of 6
(maximum tolerable dose) and the dose that caused the death of all 6 animals in the
group (absolute lethal dose, LD100) were determined. The intermediate doses were also
determined, the introduction of which led to the death of some animals. The experimental
data were processed according to the method described by Behrens; the average lethal dose
(LD50, the dose that causes the death of 50% of the animals) was determined graphically,
and its error was determined using the Gaddam equation [27].

“Open Field” Test

The “Open Field” test is used to study the motor-exploratory activity of animals [28],
the change in which reflects the effect of substances on the central nervous system (CNS).
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The experiment on mice was carried out in a round chamber with opaque walls, with a
diameter of 97 cm and a wall height of 42 cm (Open Science, Russia). The installation floor
was divided into sectors for the convenience of visual registration. In addition, there were
holes in the floor imitating minks (2 cm in diameter). The criterion for the transition from
one sector to another was the location of the hind legs of the animal in the new sector.
After testing each mouse, the deodorization of the installation surface using 3% hydrogen
peroxide was carried out. After each group of mice, the installation was treated with a
70% ethanol solution. In these experiments, each animal was placed in the center of the
field and within 3 min of testing the following parameters were recorded: (1) the number
of crossed lines, which reflects the nonspecific level of excitation (motor activity); (2) the
number of holes examined, which is an indicator of research activity [29]; (3) the number of
entrances to the center, which reflects the psycho-emotional state.

Calix[4]resorcinol VC10 was administered intraperitoneally to 8 mice at doses of
5 mg/kg of mice weight (1/100 of LD50) and 10 mg/kg of mice weight (1/50 of LD50),
30 min prior to testing. Control animals were injected with an equivalent volume of saline.

Behavioral changes were recorded using EthoVision XT video tracking software for
automatic track analysis by Noldus (Netherlands). This provided a more accurate quantifi-
cation of the behavioral differences in the animals.

Catalepsy Test

In order to assess the effect of the VC10–Hal formulation, the method of cataleptogenic
effect of haloperidol in rats was used, which reflects the pharmacological properties of
neuroleptics [30]. The severity of catalepsy was assessed by the duration of the “lecturer’s
posture” [31] using a special catalepsy device (Open Science, Russia), according to the
protocol described in ref. [32]. Two series of experiments were carried out. In the first series,
an aqueous solution of the binary VC10–Hal system was administered intranasally to 8 rats;
in the second series it was administered intraperitoneally to 8 rats (the dose of haloperidol
in all samples was 0.5 mg/kg of rat weight; the dose of VC10 was 0.0028 mg/kg of rat’s
weight). A commercial haloperidol formulation (5 mg/mL of a sterile solution containing
lactic acid (Gedeon-Richter, Budapest, Hungary)) was used as a control.

In the first series of experiments, the VC10–Hal formulation was instilled into the
nostrils of rats for 5 min using a specially designed plastic cannula, and then each rat was
placed in a special catalepsy device with a plastic bar at a height of 10 cm. Each rat was
carefully placed on a plastic bar at 5, 10, 20, 30, 60, 120 and 180 min after the intranasal and
intraperitoneal administration of the VC10–Hal formulation, or the commercial formula-
tion of haloperidol as a control, and the ability to maintain the “lecturer’s posture” (the
duration on the bar) for 180 s was recorded. If the time spent on the bar reached 180 s, the
rat was carefully removed. After each experiment, the rats were immediately returned to
their cages. In the second series of experiments, intraperitoneal administration was carried
out at the same dose and concentration as in the case of the intranasal administration.

Statistical Analysis

The obtained results were processed statistically according to the standard method
using the two-sample Student’s t-test, after checking the data for the normal distribution in
the compared groups, as well as the equality of the general variances in the GraphPad Prism
8.0.1 program. The results of the behavioral tests are presented as the mean ± standard
deviation. The critical level of significance was set at p < 0.05.

3. Results and Discussions

3.1. Coaggregation of Haloperidol and Viologen Decyl Calix[4]resorcinol

The choice of calix[4]resorcinol VC10 as a solubilizer of haloperidol molecules was
based on our previous studies, where it was shown that (1) the macrocycle has low cy-
totoxicity (IC50 > 500) on the normal Chang liver cell line [33]; (2) has a low aggregation
threshold of 0.3 mM in aqueous solutions and, due to its amphiphilic nature, is capable
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of solubilizing hydrophobic molecules into their aggregates [34]; (3) exhibits pronounced
mucoadhesive properties both individually and in combination with drug molecules [24].

As mentioned above, Hal is practically insoluble in water. The UV-Vis absorption
spectrum of Hal in ethanol shows that, at a concentration of 0.15 mM, it has limited
absorption in the UV and visible region (Figure 2). With equimolar mixing of VC10

with Hal after 15 min of sonication and 2 h of stirring at room temperature, the latter,
visually, completely dissolves in aqueous solution due to solubilization by calix[4]resorcinol
aggregates. The UV-Vis absorption spectrum of VC10 in water shows a characteristic
absorption peak at 260 nm (Figure 2). In the spectrum of the binary VC10–Hal system,
there is an increase in the intensity of this peak and a slight hypsochromic shift by 3 nm.
The maximum increase in absorbance is achieved after 24 h of mixing VC10–Hal at room
temperature. The observed hyper- and hypsochromic effects in the UV-Vis absorption
spectra indicate Hal binding in the hydrophobic domain of the VC10 aggregates.

Figure 2. UV-Vis absorption spectra of 0.15 mM VC10, 0.15 mM VC10–0.15 mM Hal in H2O, and
0.15 mM Hal in EtOH.

An equimolar mixture of VC10–Hal was studied by NMR spectroscopy. In the 1H-
NMR spectrum of the binary VC10–Hal system, a new set of signals appears in the region
of 6.85 and 7.71 ppm, as well as a broad peak in a strong field (2.39–2.90 ppm) in comparison
with the spectrum of the pure VC10 (Figure 3). In addition, an increase in the integral
intensity is observed in the region of the H8 aromatic protons and H10 methylene protons
of VC10, since in these regions there is an overlap with the signals of the aromatic (H8′)
and aliphatic (H4′, H7′ H10′) protons of Hal, respectively. The appearance of the signals of
hydrophobic Hal in D2O confirms its solubilization by amphiphilic VC10 aggregates.

According to the DLS data, the VC10–Hal aggregates are formed at concentrations an
order of magnitude lower than the critical aggregation concentration (CAC) of individual
VC10 equal to 0.3 mM [34]. The addition of Hal promotes aggregation of the amphiphilic
VC10. It was shown that the equimolar addition of Hal to aqueous solutions of VC10 with
concentrations up to CAC leads to the formation of larger particles with an average diameter
from ~127 to ~198 nm depending on the concentration of VC10, with a monomodal size
distribution and a high-quality correlation function (Figures 4 and S1). This behavior is
consistent with observations for conventional or polymeric surfactants, where the addition
of apolar solutes promotes the aggregation of surfactant molecules, which otherwise tend
to disperse in the aqueous phase [35].
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Figure 3. 1H-NMR spectra of 2 mM VC10 and the binary 2 mM VC10–2 mM Hal system in D2O.

Figure 4. Particle size distribution by number in aqueous solutions of VC10–Hal (1:1) at differ-
ent concentrations.

3.2. Morphology of Aggregates Based on Haloperidol and Viologen Decyl Calix[4]resorcinol

The TEM images of the binary VC10–Hal system clearly show the presence of spherical
vesicles, which are presented in Figure 5a as dark spherical particles; light spots do not have
a clear spherical shape, it is a feature of sample drying during sample preparation. The
aggregates based on VC10–Hal are uniformly distributed over the surface of the copper
grid with the predominance of particles 100 nm in size (Figure 5b). It should be noted
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that micellar aggregates with a diameter of 10–50 nm were observed in the TEM image of
pure VC10 [33]. Binding of Hal by calix[4]resorcinol VC10 leads to a significant change
in the morphology of aggregates in aqueous solution with the transition of micelles to
vesicles. Apparently, the solubilization of Hal molecules disrupts the high curvature of
the surface of micellar aggregates, which leads to the formation of membrane structures.
Morphological changes are typical during the solubilization of hydrophobic drugs by
micellar systems. Thus, solubilization of 5-methyl salicylate within micelles of copolymers
of polyoxyethylene and polyoxypropylene significantly enlarges and changes the shape
of the micellar structures from spherical to ellipsoidal [36]. The localization of the drug in
the hydrophobic micellar core promotes the formation of higher morphologies. In another
work, hydrophobic perphenazine solubilized into taurocholate/lecithin aggregates caused
a change in morphology from spherical particles to wormlike micelles [37]. Summarizing
the results obtained by UV spectrophotometry, NMR spectroscopy, DLS and TEM, it can be
concluded that haloperidol is located in the hydrophobic region within the bilayer formed
by the non-polar alkyl tails of calix[4]resorcinol.

 
Figure 5. Transmission electron micrographs of VC10–Hal (a) and the histogram showing the average
particle size obtained from the TEM images using ImageJ software (b).

3.3. Mucoadhesive Properties of Calix[4]resorcinol–Haloperidol Nanoparticles

To assess the mucoadhesive properties of calix[4]resorcinol–haloperidol nanoparticles,
turbidimetric titration of PGM with a solution of binary VC10-Hal (1:1) system was carried
out according to the procedure described in the literature [38]. The turbidity of solutions at
various ratios was estimated from UV spectra at 500 nm, since at this wavelength there is
no absorption in the UV spectra of VC10 and Hal. The turbidimetric titration plot (Figure 6)
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shows that VC10–Hal aggregates have a good affinity for mucin due to the electrostatic
interaction of positively charged viologen groups with negatively charged fragments in
mucin. With an increase in the mass ratio of VC10–Hal, aggregation of mucin particles is
observed with a maximum turbidity (absorption value A~1.4) at [VC10–Hal]/[mucin]~0.25,
and with a further increase in the mass ratio, a decrease in turbidity and a disaggregation are
observed. A similar profile was observed for the titration of mucin by individual VC10 with
a maximum absorption value of A~1.2 at 500 nm in our recent study [24]. A comparison
of the turbidimetric titration curves of mucin by VC10 and VC10–Hal shows that, despite
the coaggregation of VC10 and Hal, the ability of the macrocycle to effectively interact
with mucin is maintained. Moreover, it should be noted that the maximum absorption on
the turbidimetric curve for the VC10–Hal system is 0.2 units higher than that for the pure
VC10, which indicates a more efficient interaction of VC10 with mucin in the presence of
Hal. Probably, the reason for the enhanced mucoadhesive effect is the vesicular form of
the VC10–Hal aggregates, which has a lower surface curvature compared to the micellar
structures of individual VC10.

Figure 6. Turbidimetric titration of 1 mg/mL PGM with 1 mg/mL solution of VC10–Hal (1:1).

The binding of VC10–Hal aggregates to mucin was assessed from fluorescence quench-
ing plots. It is known that mucin has intrinsic fluorescence due to fluorescent chromophores,
namely amino acid residues, mainly tryptophan in the protein part of the molecule. In
an aqueous solution, the excitation spectrum of tryptophan is in the wavelength range
from 200 to 300 nm, and the fluorescence spectrum is recorded from 300 to 440 nm. The
intensity of tryptophan fluorescence is highly dependent on the microenvironment, so the
study of this fluorescence provides valuable information when binding proteins to various
molecules. In our recent work, it was shown that the addition of VC10 results in quenching
of the mucin fluorescence intensity at 298 K [24]. In this work, we performed a series of
fluorometric titrations of mucin with pure VC10 and VC10–Hal at different temperatures
(298 K, 304 K, 310 K) in order to determine the quenching mechanism. The concentration of
mucin and calixarene was chosen so that the absorption value in their UV spectra did not
exceed 0.1 unit. This minimizes the effect of the internal filter on the fluorescence spectra.
With the gradual addition of VC10 and VC10–Hal (at a ratio of 1:1) to PGM at a constant
concentration (0.05 mg/mL) at different temperatures, the fluorescence of the latter is in-
tensely quenched (Figures S2 and S3). These spectral changes clearly indicate the presence
of specific interactions of VC10 and VC10–Hal with PGM. The mechanism of the observed
fluorescent quenching can be dynamic or static, or a combination of both of these processes.
In general, the Stern–Volmer Equation (1) is used to reveal the quenching mechanism:
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F0/F = 1 + Ksv·[Q], (1)

where F0 и F are the fluorescence intensities of PGM in the absence and in the presence of
the quencher Q (VC10–Hal and VC10); Ksv is the Stern–Volmer quenching constant; and Q
is the concentration of the quencher (VC10–Hal and VC10).

Stern–Volmer plots for the fluorescence quenching of PGM by VC10 and VC10–Hal

at 298 K, 304 K and 310 K, are shown in Figure S4. The graphs have the y-intercept equal
to one, and the slope equal to Ksv. In the case of one type of quenching, the graph in the
Stern–Volmer coordinates is strictly linear, which is what we observe for our systems. The
plots in Figure S4 showed a good linear relationship at every experimental temperature
within the studied concentration range. From the obtained data (Table 1), it can be seen that
the quenching constants Ksv of PGM in the presence of the quencher (VC10 and VC10–Hal)
decrease with increasing temperature, which indicates static quenching [39]. When static
quenching occurs, the fluorescent molecule forms a non-fluorescent complex with the
quencher. As the quencher concentration increases, less unbound fluorophore remains in
the solution and the fluorescence intensity decreases.

Table 1. Quenching constants of PGM in the presence of the quencher (VC10 and VC10–Hal) at
different temperatures.

Ksv 103 (M−1)

298 K 304 K 310 K

PGM–VC10 1762 ± 28 1635 ± 42 1516 ± 42
PGM–[VC10–Hal] 1702 ± 39 1563 ± 39 1405 ± 25

Further, to determine the binding constant (Ka), the number of binding sites (n), and
the dissociation constants (Kd) for the PGM–VC10 and PGM–[VC10–Hal] systems, the
double logarithm regression curves as a function of quencher concentration were plotted
based on Equation (2):

log((F0 − F)/F) = logKa + nlog(Q). (2)

In the graph, n is equal to the tangent of the slope, and Ka is the point of intersection
with the y-axis. The dissociation constant (Kd) is the reciprocal of the association constant,
Kd = 1/Ka. Table 2 summarizes the calculated data of n, Ka, Kd.

Table 2. Number of binding sites (n), binding constants (Ka), and dissociation constants (Kd), for the
PGM–VC10 and PGM–[VC10–Hal] systems at different temperatures.

PGM–VC10 PGM–[VC10–Hal]

n logKa Kd 10−8 (M) n logKa Kd 10−8 (M)

298 K 1.21 ± 0.01 7.47 ± 0.06 3.40 1.30 ± 0.01 7.96 ± 0.04 1.10
304 K 1.17 ± 0.03 7.18 ± 0.17 6.28 1.12 ± 0.02 6.87 ± 0.11 13.25
310 K 1.13 ± 0.04 6.90 ± 0.29 11.06 1.05 ± 0.04 6.45 ± 0.22 32.71

It can be seen from Table 2 that the n value for both systems at different temperatures
is close to 1, which indicates one binding site in the PGM–VC10 and PGM–[VC10–Hal]
systems. The probable site of PGM binding to the positively charged viologen calix[4]arene
VC10 is the sialic acid carboxyl groups in mucin. Considering that the binding constants
(logKa) are in the range of 6.45–7.96, it can be assumed that VC10 and VC10–Hal have a
strong affinity for mucin at different temperatures. The strongest ability to bind with mucin
is observed at 298 K (logKa = 7.47 for PGM–VC10 and logKa = 7.96 for PGM–[VC10–Hal]).
With increasing temperature, the values of the binding constants in both systems decrease,
which additionally points to a static quenching mechanism. As the temperature rises,
the intramolecular mobility increases, the stability of the formed complexes decreases,
and, accordingly, the values of the static quenching constants decrease. It should be
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noted that for the PGM–[VC10–Hal] system, as the temperature rises to physiological,
the binding constant decreases by 1.5 units, while the decrease occurs by 0.6 units in the
PGM–VC10 system. When comparing both systems, it can be concluded that the ternary
system in the presence of a drug is more thermosensitive despite the greater stability of
vesicular structures compared to micelles, which is an advantage in the development
of a drug delivery system. A likely cause of thermosensitivity, in the case of using the
binary system VC10–Hal, may be a destructive change in mucin morphology as a result
of a stronger interaction in the PGM–[VC10–Hal] system compared to the PGM–VC10

system. A possible explanation for this effect is the lower curvature of the vesicle surface,
which ensures interaction with a larger surface of mucin compared to micellar particles.
It should be additionally emphasized that, similar to micellar aggregates, the vesicles
spontaneously formed in the binary system VC10–Hal are dynamic assemblies that can
be subjected to structural rearrangements under different stimuli including temperature
induced changes [40,41].

Using Ka from Table 2, the Gibbs free energy variation (ΔGº) was calculated using
Equation (3):

ΔGº = −RT·lnKa, (3)

where R is the gas constant (8.314 Jmol−1K−1), and T are the experimental temperatures
(298 K, 304 K, 310 K). The calculated values of ΔG◦ are summarized in Table 3. The
negative sign for ΔGº indicates that the binding of PGM with VC10 and VC10–Hal is a
spontaneous process.

Table 3. The Gibbs free energy variation (ΔGº) for the PGM–VC10 and PGM–[VC10–Hal] systems at
different temperatures.

ΔG◦ (kJ·mol−1)

298 K 304 K 310 K

PGM–VC10 −42.62 −41.79 −40.95
PGM–[VC10–Hal] −45.41 −39.98 −38.28

To determine the conformational stability of PGM upon its interaction with VC10

and binary VC10–Hal system, circular dichroism (CD) spectra were recorded at a constant
mucin concentration and a variable concentration of the studied systems (Figure 7). The
CD spectrum of the individual PGM has a wide band in the far UV region, with a minimum
at 206 nm and a negative ellipticity value, which indicates its secondary structure (random
coil), and which is consistent with the literature data [42]. The signal is due to amino acid
residues in the mucin having -NHCO- chromophores, which absorb in the 200–210 nm
region. In the binary PGM–VC10 and ternary PGM–[VC10–Hal] systems, the spectrum
profile is typical for the pure PGM, which indicates that the random coil conformation of
mucin is retained upon its interaction with the calix[4]arene VC10 and VC10–Hal nanopar-
ticles. With an increase in the proportion of the system (VC10 and VC10–Hal) added to
PGM, the value of negative ellipticity at the minimum decreases, and this minimum shifts
to 209 nm, which is caused by a rather strong interaction in the binary and ternary systems,
which was confirmed above by the UV and fluorescence spectroscopy data. The increase in
the VC10 concentration led to changes in the amplitude of the spectrum, indicating that
the specific binding of the viologen groups of VC10 to carboxylate groups in the glycopro-
tein increases the disorder of the secondary structure due to the inclusion of macrocycle
molecules in the peptide backbone [43].
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Figure 7. UV circular dichroism spectra of the PGM, PGM–VC10 (a) and PGM–[VC10–Hal] (b) sys-
tems in aqueous solution. The concentration of PGM was constant (1 mg/mL) [VC10–Hal] = 1:1.

3.4. Toxicity Studies

To identify the toxic and safe doses of VC10 in order to use it as a carrier/delivery
system, a study of acute toxicity and the effect of VC10 on indicators in the “Open Field”
in rodents (to assess the level of emotional and behavioral activity of animals) was carried
out. The results of the study of acute toxicity of VC10 when administered intraperitoneally
allowed the calculation of the LD50 values in mice and rats, which served as the basis
for determining the working doses in further experiments. The LD50 values of VC10

were found to be 540 ± 75 mg/kg for mice and 510 ± 63 mg/kg for rats, which allows
calix[4]resorcinol VC10 to be classified as a toxicity category 4, i.e., as a compound with
low toxicity [44].

The behavior in the “Open Field” indicates the functional state of the CNS of mice,
which is the main marker of the toxic effects of any substances on the body. The “Open
Field” test is used to study the behavior of rodents in new conditions and allows researchers
to evaluate the dynamics of individual behavioral elements. This test creates a mild anxiety
model. The calix[4]resorcinol VC10 was administered intraperitoneally at doses of 1/100
and 1/50 of the LD50 30 min before the experiment. Mice from the control group received
the appropriate volumes of saline. Table S1 shows that the average number of examined
holes in the studied groups, taking into account the experimental error, is comparable to the
control group, where the mice were not injected with the test compound. The maintenance
of exploratory activity in the mice suggests that the cognitive functions of animals are not
impaired by VC10. The number of crossed lines in all three groups was approximately the
same (Table S2), which indicates the absence of an effect of VC10 on the motor activity of
mice. In the absence of any shelters, the animal feels more secure being near the wall. The
number of entrances to the center did not change for the animals that received VC10 in
a dose of 1/50 of the LD50, compared with the control group (Table S3). This means that
calixarene does not have a depressing effect on the psycho-emotional status of mice. The
primary pharmacological tests revealed the low toxicity of VC10 and the absence of its
effect upon behavioral characteristics at the studied doses, on the basis of which it can be
concluded that VC10, when administered once, does not affect the CNS of laboratory mice.
The obtained results gave us the basis to carry out further in vivo experiments on the study
of the cataleptogenic effect of haloperidol in the formulation with VC10.

3.5. In Vivo Catalepsy Tests

Catalepsy tests in rats were performed to estimate the efficacy of the VC10–Hal formu-
lation compared to the commercial formulation of Hal. Cataleptogenic effect (catalepsy),
i.e., the loss of the ability to make voluntary movements and the ability to maintain an
artificially uncomfortable position for a long time, is one of the manifestations of extrapyra-
midal symptoms as a side effects of drugs with neuroleptic activity [45]. The study of the
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cataleptogenic action of Hal was carried out in two series of experiments, namely, with the
intranasal and intraperitoneal administration of the studied formulations.

Intranasal administration for the treatment of diseases of the CNS is attractive because
it allows the drug to be delivered directly to the brain, bypassing the blood-brain barrier.
At the same time, neurotherapeutic drugs are delivered to the brain in significant concentra-
tions with minimal exposure to systemic circulation [46]. The results of the cataleptogenic
effect of Hal in the formulation with VC10, and the commercial formulation of Hal (as
a control), with intranasal administration are shown in Figure 8. Analysis of intranasal
administration showed the severity of the cataleptogenic effect of Hal in the formulation of
VC10–Hal in the first 120 min of the study, which is comparable to the effect of commercial
Hal. However, at 180 and 240 min, the catalepsy duration of the test sample was lower
than in the control one.

Figure 8. Duration of catalepsy after intranasal administration (s). * p < 0.05—Statistically significant
difference compared to the haloperidol group. # 0.05 < p < 0.1—Significance trend compared to
haloperidol group.

As for the analysis of the intraperitoneal administration of the test sample in com-
parison with the commercial Hal, it should be noted that at 10 and 30 min there was a
significant decrease in the intensity of the cataleptogenic effect of Hal in the formulation
with VC10, and at 60 min, on the contrary, an increase in the effect (Figure 9). Further, at
120, 180 and 240 min, the effect of the formulated haloperidol was at the level of the control
sample. The lower activity in the first 30 min may be due to the delayed release of Hal from
the VC10–Hal formulation. The results of the cataleptogenic effect of Hal with intranasal
and intraperitoneal administration of the studied samples showed that, depending on the
route of administration, different results are observed over time, which, apparently, is due
to the difference in pharmacokinetic parameters.

Figure 9. Duration of catalepsy after intraperitoneal administration (s). * p < 0.05—Statistically
significant difference compared to the haloperidol group. # 0.05 < p < 0.1—Significance trend
compared to haloperidol group.
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4. Conclusions

A water-soluble formulation of Hal was obtained by solubilizing it in the aggregates
of calix[4]resorcinol VC10 to form vesicles. Hal was found to be located in the hydrophobic
region within the bilayer formed by the non-polar alkyl tails of calix[4]resorcinol. Effective
mucoadhesive properties of VC10–Hal nanoparticles were shown by UV, fluorescence, and
CD spectroscopy. A decrease in the binding constant in the PGM–[VC10–Hal] system with
an increase in temperature to physiological level provides the thermosensitive properties
of VC10–Hal nanoparticles. According to CD spectroscopy data, the spectrum profile of
the PGM–[VC10–Hal] system corresponds to the spectrum of pure PGM, which indicates
the conformational stability (random coil conformation) of mucin upon interaction with
VC10–Hal nanoparticles.

In vivo experiments revealed the low toxicity of VC10 (LD50 is 540 ± 75 mg/kg for
mice and 510 ± 63 mg/kg for rats), as well as the absence of its effect on motor activity
and psycho-emotional status, which allows consideration of possibly using the binary
VC10–Hal systems in further in vivo studies. The results of the experiments on the study
of catalepsy in rats showed that with the various routes of drug administration (intranasal
and intraperitoneal), Hal formulated with VC10 exhibits a pronounced cataleptogenic effect
comparable to commercial Hal. This work demonstrated the successful use of cationic
calixarene as a carrier for a hydrophobic drug in vivo for the first time, which opens up a
perspective for its application in the development of nanoscale systems for the delivery of
poorly soluble drugs to the brain.
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at a constant concentration of 0.05 mg/mL in the presence of VC10 at 298 K (a), 304 K (b), and 310 K
(c); Figure S3: Steady state fluorescence spectra of PGM at a constant concentration of 0.05 mg/mL in
the presence of VC10-Hal (1:1) at 298 K (a), 304 K (b), 310 K (c); Figure S4: Stern–Volmer plots for
fluorescence quenching of PGM by VC10 (a), and by VC10-Hal (b) at 298 K, 304 K, and 310 K. Table S1.
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test. (VC10 in a dose of 1/100 of the LD50 and 1/50 of the LD50, intraperitoneally administration,
n = 8); Table S2. Effect of viologen decyl calix[4]resorcinol VC10 on the motor activity of mice in
the “Open field” test. (VC10 in a dose of 1/100 of the LD50 and 1/50 of the LD50, intraperitoneally
administration, n = 8); Table S3. Effect of viologen decyl calix[4]resorcinol VC10 on the the number
of entrances to the center of mice in the "Open field" test. (VC10 in a dose of 1/100 of the LD50 and
1/50 of the LD50, intraperitoneally administration, n = 8).
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Encapsulation of Risperidone by Methylated β-Cyclodextrins: Physicochemical and Molecular Modeling Studies. Molecules 2020,
25, 5694. [CrossRef]

15. Aloisio, C.; Antimisiaris, S.G.; Longhi, M.R. Liposomes containing cyclodextrins or meglumine to solubilize and improve the
bioavailability of poorly soluble drugs. J. Mol. Liq. 2017, 229, 106–113. [CrossRef]

16. Qian, X.; Wang, G.; Li, J.; Zhang, X.; Zhang, M.; Yang, Q.; Zhang, Z.; Li, Y. Improving oral bioavailability of water-insoluble
idebenone with bioadhesive liposomes. J. Drug Deliv. Sci. Technol. 2022, 75, 103640. [CrossRef]

17. Yang, W.; de Villiers, M.M. Aqueous solubilization of furosemide by supramolecular complexation with 4-sulphonic calix[n]arenes.
J. Pharm. Pharmacol. 2004, 56, 703–708. [CrossRef]

18. Yang, W.; Otto, D.; Liebenberg, W.; de Villiers, M. Effect of para-Sulfonato-Calix[n]arenes on the Solubility, Chemical Stability,
and Bioavailability of a Water Insoluble Drug Nifedipine. Curr. Drug Discov. Technol. 2008, 5, 129–139. [CrossRef]

19. Panchal, J.G.; Patel, R.V.; Menon, S.K. Preparation and physicochemical characterization of carbamazepine (CBMZ): Para-
sulfonated calix[n]arene inclusion complexes. J. Incl. Phenom. Macrocycl. Chem. 2010, 67, 201–208. [CrossRef]

20. Patel, M.B.; Valand, N.N.; Modi, N.R.; Joshi, K.V.; Harikrishnan, U.; Kumar, S.P.; Jasrai, Y.T.; Menon, S.K. Effect of p-
sulfonatocalix[4]resorcinarene (PSC[4]R) on the solubility and bioavailability of a poorly water soluble drug lamotrigine (LMN)
and computational investigation. RSC Adv. 2013, 3, 15971–15981. [CrossRef]

21. Yasir, M.; Sara, U.V.S. Solid lipid nanoparticles for nose to brain delivery of haloperidol: In vitro drug release and pharmacokinetics
evaluation. Acta Pharm. Sin. B 2014, 4, 454–463. [CrossRef] [PubMed]

22. Porfiryeva, N.N.; Semina, I.I.; Salakhov, I.A.; Moustafine, R.I.; Khutoryanskiy, V.V. Mucoadhesive and mucus-penetrating
interpolyelectrolyte complexes for nose-to-brain drug delivery. Nanomed. Nanotechnol. Biol. Med. 2021, 37, 102432. [CrossRef]
[PubMed]

23. Filippov, S.K.; Khusnutdinov, R.R.; Inham, W.; Liu, C.; Nikitin, D.O.; Semina, I.I.; Garvey, C.J.; Nasibullin, S.F.; Khutoryanskiy,
V.V.; Zhang, H.; et al. Hybrid nanoparticles for haloperidol encapsulation: Quid est optimum? Polymers 2021, 13, 4189. [CrossRef]

24. Kashapov, R.R.; Kashapova, N.E.; Ziganshina, A.Y.; Syakaev, V.V.; Khutoryanskiy, V.V.; Zakharova, L.Y. Interaction of mucin with
viologen and acetate derivatives of calix[4]resorcinols. Colloids Surf. B Biointerfaces 2021, 208, 112089. [CrossRef] [PubMed]

25. Wu, D.; Zhang, Z.; Yu, X.; Bai, B.; Qi, S. Hydrophilic Tetraphenylethene-Based Tetracationic Cyclophanes: NADPH Recognition
and Cell Imaging with Fluorescent Switch. Front. Chem. 2021, 9, 1–8. [CrossRef] [PubMed]

26. Ziganshina, A.Y.; Kharlamov, S.V.; Korshin, D.E.; Mukhitova, R.K.; Kazakova, E.K.; Latypov, S.K.; Yanilkin, V.V.; Konovalov, A.I.
Electrochemical behaviour of a molecular capsule based on methylviologen-resorcinarene and sulfonatomethylene-resorcinarene.
Tetrahedron Lett. 2008, 49, 5312–5315. [CrossRef]

112



Pharmaceutics 2023, 15, 921

27. Mironov, A.N.; Bunyatyan, N.D.; Vasiliev, A.N.; Verstakova, O.L.; Zhuravleva, M.V.; Lepakhin, V.K.; Korobov, N.V.;
Merkulov, V.A.; Orekhov, S.N.; Sakaeva, I.V.; et al. Guidelines for Conducting Preclinical Studies of Drugs; Grif and K: Tula, Russia,
2012; 944p, ISBN 9785812514663.

28. Sestakova, N.; Puzserova, A.; Kluknavsky, M.; Bernatova, I. Determination of motor activity and anxiety-related behaviour in
rodents: Methodological aspects and role of nitric oxide. Interdiscip. Toxicol. 2013, 6, 126–135. [CrossRef]

29. Henry, B.L.; Minassian, A.; Young, J.W.; Paulus, M.P.; Geyer, M.A.; Perry, W. Cross-species assessments of motor and exploratory
behavior related to bipolar disorder. Neurosci. Biobehav. Rev. 2010, 34, 1296–1306. [CrossRef]

30. Miyamoto, S.; Duncan, G.E.; Marx, C.E.; Lieberman, J.A. Treatments for schizophrenia: A critical review of pharmacology and
mechanisms of action of antipsychotic drugs. Mol. Psychiatry 2005, 10, 79–104. [CrossRef]

31. Vogel, H.G. Psychotropic and Neurotropic Activity. In Drug Discovery and Evaluation; Springer: Berlin/Heidelberg, Germany,
2007; pp. 565–876, ISBN 978-3-540-71420-0.

32. Natfji, A.A.; Nikitin, D.O.; Semina, I.I.; Moustafine, R.I.; Khutoryanskiy, V.V.; Lin, H.; Stephens, G.J.; Watson, K.A.; Osborn, H.M.I.;
Greco, F. Conjugation of haloperidol to PEG allows peripheral localisation of haloperidol and eliminates CNS extrapyramidal
effects. J. Control. Release 2020, 322, 227–235. [CrossRef]

33. Kashapov, R.; Razuvayeva, Y.; Ziganshina, A.; Sapunova, A.; Lyubina, A.; Amerhanova, S.; Kulik, N.; Voloshina, A.; Nizameev, I.;
Salnikov, V.; et al. Effect of preorganization and amphiphilicity of calix[4]arene platform on functional properties of viologen
derivatives. J. Mol. Liq. 2022, 345, 117801. [CrossRef]

34. Kashapov, R.R.; Kharlamov, S.V.; Sultanova, E.D.; Mukhitova, R.K.; Kudryashova, Y.R.; Zakharova, L.Y.; Ziganshina, A.Y.;
Konovalov, A.I. Controlling the size and morphology of supramolecular assemblies of viologen-resorcin[4]arene cavitands.
Chem.-A Eur. J. 2014, 20, 14018–14025. [CrossRef] [PubMed]

35. Gadelle, F.; Koros, W.J.; Schechter, R.S. Solubilization of Aromatic Solutes in Block Copolymers. Macromolecules 1995, 28, 4883–4892.
[CrossRef]

36. Shah, V.; Bharatiya, B.; Patel, V.; Mishra, M.K.; Shukla, A.D.; Shah, D.O. Interaction of salicylic acid analogues with
Pluronic®micelles: Investigations on micellar growth and morphological transition. J. Mol. Liq. 2019, 277, 563–570. [CrossRef]

37. Hanio, S.; Schlauersbach, J.; Lenz, B.; Spiegel, F.; Böckmann, R.A.; Schweins, R.; Nischang, I.; Schubert, U.S.; Endres, S.;
Pöppler, A.C.; et al. Drug-Induced Dynamics of Bile Colloids. Langmuir 2021, 37, 2543–2551. [CrossRef] [PubMed]

38. Albarkah, Y.A.; Green, R.J.; Khutoryanskiy, V.V. Probing the Mucoadhesive Interactions between Porcine Gastric Mucin and Some
Water-Soluble Polymers. Macromol. Biosci. 2015, 15, 1546–1553. [CrossRef]

39. Fraiji, L.K.; Hayes, D.M.; Werner, T.C. Static and dynamic fluorescence quenching experiments for the physical chemistry
laboratory. J. Chem. Educ. 1992, 69, 424–428. [CrossRef]

40. Lone, M.S.; Afzal, S.; Chat, O.A.; Aswal, V.K.; Dar, A.A. Temperature- and Composition-Induced Multiarchitectural Transitions
in the Catanionic System of a Conventional Surfactant and a Surface-Active Ionic Liquid. ACS Omega 2021, 6, 11974–11987.
[CrossRef]

41. Yang, Y.; Liu, L.; Huang, X.; Tan, X.; Luo, T.; Li, W. Temperature-induced vesicle to micelle transition in cationic/cationic mixed
surfactant systems. Soft Matter 2015, 11, 8848–8855. [CrossRef]

42. Nikogeorgos, N.; Efler, P.; Kayitmazer, A.B.; Lee, S. “Bio-glues” to enhance slipperiness of mucins: Improved lubricity and
wear resistance of porcine gastric mucin (PGM) layers assisted by mucoadhesion with chitosan. Soft Matter 2015, 11, 489–498.
[CrossRef]

43. Shrivastava, H.Y.; Nair, B.U. Structural modification and aggregation of mucin by chromium(III) complexes. J. Biomol. Struct.
Dyn. 2003, 20, 575–587. [CrossRef] [PubMed]

44. Kandsi, F.; Lafdil, F.Z.; Elbouzidi, A.; Bouknana, S.; Miry, A.; Addi, M.; Conte, R.; Hano, C.; Gseyra, N. Evaluation of Acute
and Subacute Toxicity and LC-MS/MS Compositional Alkaloid Determination of the Hydroethanolic Extract of Dysphania
ambrosioides (L.) Mosyakin and Clemants Flowers. Toxins 2022, 14, 475. [CrossRef] [PubMed]

45. Hoffman, D.C.; Donovan, H. Catalepsy as a rodent model for detecting antipsychotic drugs with extrapyramidal side effect
liability. Psychopharmacology 1995, 120, 128–133. [CrossRef]

46. Pandey, M.; Jain, N.; Kanoujia, J.; Hussain, Z.; Gorain, B. Advances and Challenges in Intranasal Delivery of Antipsychotic
Agents Targeting the Central Nervous System. Front. Pharmacol. 2022, 13, 865590. [CrossRef] [PubMed]

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.

113



pharmaceutics

Article

Assessment of Different Niosome Formulations for Optogenetic
Applications: Morphological and Electrophysiological Effects

José David Celdrán 1,†, Lawrence Humphreys 1,2,†, Desirée González 1, Cristina Soto-Sánchez 1,2,

Gema Martínez-Navarrete 1,2, Iván Maldonado 2,3, Idoia Gallego 2,3, Ilia Villate-Beitia 2,3,

Myriam Sainz-Ramos 2,3, Gustavo Puras 2,3, José Luis Pedraz 2,3 and Eduardo Fernández 1,2,*

1 Biomedical Neuroengineering, Institute of Bioengineering (IB), University Miguel Hernández (UMH),
03020 Elche, Spain; jose.celdran.lopez@gmail.com (J.D.C.); lawrencehumphreys@hotmail.com (L.H.);
dgonzalez@umh.es (D.G.); csoto@umh.es (C.S.-S.); gema.martinezn@umh.es (G.M.-N.)

2 Networking Research Centre of Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN), Carlos III
Health Institute (ISCIII), 28029 Madrid, Spain; ivan.maldonado@ehu.eus (I.M.); idoia.gallego@ehu.eus (I.G.);
aneilia.villate@ehu.eus (I.V.-B.); miriam.sainz@ehu.eus (M.S.-R.); gustavo.puras@ehu.eus (G.P.);
joseluis.pedraz@ehu.eus (J.L.P.)

3 Bioaraba, NanoBioCel Group, School of Pharmacy, University of the Basque Country (UPV/EHU),
01006 Vitoria-Gasteiz, Spain

* Correspondence: e.fernandez@umh.es
† These authors contributed equally to this work.

Abstract: Gene therapy and optogenetics are becoming promising tools for treating several nervous
system pathologies. Currently, most of these approaches use viral vectors to transport the genetic
material inside the cells, but viruses present some potential risks, such as marked immunogenicity,
insertional mutagenesis, and limited insert gene size. In this framework, non-viral nanoparticles,
such as niosomes, are emerging as possible alternative tools to deliver genetic material, avoiding the
aforementioned problems. To determine their suitability as vectors for optogenetic therapies in this
work, we tested three different niosome formulations combined with three optogenetic plasmids
in rat cortical neurons in vitro. All niosomes tested successfully expressed optogenetic channels,
which were dependent on the ratio of niosome to plasmid, with higher concentrations yielding higher
expression rates. However, we found changes in the dendritic morphology and electrophysiological
properties of transfected cells, especially when we used higher concentrations of niosomes. Our
results highlight the potential use of niosomes for optogenetic applications and suggest that special
care must be taken to achieve an optimal balance of niosomes and nucleic acids to achieve the
therapeutic effects envisioned by these technologies.

Keywords: niosomes; optogenetics; morphological effects; electrophysiological effects

1. Introduction

Gene therapy aims to treat diseases by introducing genetic material (DNA or RNA)
into the cells of the patients, either by correcting, adding, or removing a genetic sequence. It
was first proposed in the 1970s for treating monogenic disorders [1] and has since been at the
forefront of cancer treatment [2]. Gene therapy has achieved considerable success, with over
two dozen official drugs approved for clinical trials [3,4]. One key component for delivering
the genetic material into cells is the delivery system, classically referred to as a vector, of
which there are many, each with its advantages and disadvantages. Among the most
promising vectors that have proven to be suitable for genetic delivery are viral vectors [5–7].
They exhibit stable long-term expression and high transgene levels. Nevertheless, these
vectors have some drawbacks, such as immunoreactivity, toxin production, insertional
mutagenesis, and limitations in the size of genes that can be carried by the viral vector [6–10].
In this sense, non-viral nanoparticle vectors have been proposed as an interesting alternative
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that can overcome some of the aforementioned issues. More specifically, they have low
immunogenicity and low cytotoxicity, are easily manufactured, and do not have the same
gene-size restrictions [11]. In particular, niosomes have proven to be a promising candidate
to deliver genetic material through the cell membrane [12–14].

Niosomes are bilayer vesicles composed of three main components—cationic lipids,
“helper” components, and non-ionic surfactants—and can bind to DNA (forming nioplexes),
exhibit long-term stability and proper physicochemical properties, and have relatively low
preparation costs [15–19]. Our group already has extensive experience using niosomes as
vectors for genetic material in the retina [19–23] and the brain cortex [24–26], achieving
encouraging results in both. This opens the possibility of developing a safer and non-toxic
genetic therapy for the treatment of multiple diseases that affect neural tissues. Other
research groups have used niosomes for gene therapy, as well as for the delivery of genetic
material into mesenchymal stem cells [27] and even in retinal tissue [28], but most of them
have put their efforts into treating cancer by gene-silencing therapy with miRNAs [29],
siRNAs [30,31], and oligodeoxynucleotides [32]. Though niosomes have many advantages,
there is no scientific evidence related to their use for optogenetic applications.

Here, to the best of our knowledge, we are the first to combine niosome-based genetic
delivery with optogenetic plasmids into cortical tissue. Optogenetics is a method that
uses targeted ectopic expression of light-activated proteins (opsins) to control cell-specific
neural activity with millisecond precision [33], allowing for precise activation of neural
circuits using specific promoters [34,35]. Optogenetics has thus emerged as a promising
alternative for treating diseases, such as epilepsy [36] and Parkinson’s [37] and even a
current clinical trial in a blind patient [38]. Two improved optogenetic variants have
emerged with distinct advantages for photostimulations: ChrimsonR [39] and CatCh [40].
ChrimsonR is a red-shifted channelrhopsin (activated at 590 nm) with fast-kinetics and
high cellular trafficking, while CatCh is a blue-light-activated channelrhodopsin (activated
at 470 nm) that introduces calcium into cells and possesses fast-kinetics. However, these
optogenetic proteins have been delivered into neuronal cells using viral vectors or in utero
electroporation [38–40], but not niosomes. Therefore, delivering these optogenetic tools
into neuronal cells using niosomes as vectors (which do not have some of the disadvantages
of the viral vectors) could be a promising approach to explore.

In this study, we delivered optogenetic plasmids that codify for ChrimsonR and CatCh,
as well as the ubiquitously used GFP plasmid as a control [41], combined with three differ-
ent niosome formulations into rat cortical neurons in vitro. These niosome formulations
varied among them in the “helper” compound (nanodiamonds (ND12), sphingolipids
(P10), and chloroquine (CQ)), whose capabilities of delivering reporting genetic material
into cells of multiple tissues have been previously successfully tested [42–44]. Our main
objective was to determine the suitability of this approach for the photosensitization of
cortical neurons in optogenetic therapies.

In this work, we characterized the morphology, electrophysiology, and cell viability of
different combinations of niosomes and optogenetic plasmids in rat cortical in vitro cultures.

2. Material and Methods

2.1. Elaboration of Niosomes and Nioplexes

All niosome formulations were elaborated by the oil-in-water emulsification tech-
nique [17]. In the case of ND12 niosomes, nanodiamonds (NDs) were purchased as ultra-
nanocrystalline diamonds with grain sizes smaller than 10 nm (Sigma-Aldrich, Burling-
ton, MA, USA). A volume of 250 μL of NDs (10 mg/mL in H2O) was ultrasonicated
for 30 min and mixed with 2 mL of 0.5% Tween® (Sigma-Aldrich, Madrid, Spain), and
1.75 mL of MilliQ® water as the aqueous phase. A total of 5 mg of 1,2-di-O-octadecenyl-3-
trimethylammonium propane chloride salt (DOTMA; Avanti Polar Lipids, Inc., Alabaster,
AL, USA) was accurately weighted to obtain 1/2 ND/DOTMA mass ratios. The DOTMA
was diluted in 1 mL of dichlorometane (DCM; Panreac, Castellar del Vallès, Barcelona,
Spain), which constituted the organic phase. This phase was added to the aqueous phase
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and immediately sonicated for 30 min at 50 W (Branson Sonifier 250, Danbury). DCM was
evaporated for 2 h at room temperature under magnetic stirring, obtaining a cationic lipid
concentration of 1.2 mg/mL.

P10 niosomes were obtained by combining DOTMA with 2-[2-[(2R,3R)-3,4-bis(2-
hydroxyethoxy)oxolan-2-yl]-2-(2-hydroxyethoxy)ethoxy]ethyl dodecanoate (Polysorbate
20, Bio-Rad, Alcobendas, Madrid, Spain) non-ionic surfactant and mixing them with sphin-
golipids from animal origin found in the intestinal mucosa of mammals with high levels of
sphingomyelin (Bioiberica laboratory, Sus scrofa, pig) as helper components. Briefly, 3.4 mg
of cationic lipid was gently grounded with 100 μg of sphingolipids, and then 500 μL of DCM
was added to this lipid mixture and emulsified with 2.5 mL of polysorbate 20 (0.5%, w:w).
Components were sonicated for 30 s at 50 W. Next, the DCM organic solvent was evaporated
and eliminated from the emulsion by using a magnetic stirrer for 2 h at room temperature
inside an extraction hood. Upon DCM evaporation, a colloidal dispersion carrying the
formulations was obtained with a final cationic lipid concentration of 1.5 mg/mL.

CQ niosomes were prepared by dissolving 5 mg of cationic lipid 2,3-di(tetradecyloxy)p-
ropan-1-amine, 12.5 mg of non-ionic tensioactive poloxamer 407 (Sigma-Aldrich, Burling-
ton, MA, USA), and 12.5 mg of non-ionic tensioactive polysorbate 80 (Sigma-Aldrich, USA)
in 1 mL of DCM. The water phase contained 2.5 mg of “helper” lipid chloroquine diphos-
phate salt (Sigma-Aldrich, Burlington, MA, USA) dissolved in 5 mL of distilled water. The
organic phase and the water phase were emulsified by sonication for 30 s at 50 W. The
organic solvent was removed from the emulsion by evaporation under magnetic agitation
for 3 h at room temperature, obtaining a cationic lipid concentration of 1 mg/mL.

Nioplexes were obtained by incubating each type of niosome with each plasmid. Op-
togenetic plasmids pCAG-ChrimsonR-tdT and pAAV-Syn-ChrimsonR-tdT were obtained
from the Edward Boyden (Addgene plasmid # 59169 and Addgene plasmid # 59171, re-
spectively), optogenetic plasmid pCMV-CatCh-EYFP was a gift from Peter Hegemann, and
pCAG-GFP was obtained from Connie Cepko (Addgene plasmid # 11150). Plasmids were
expanded and purified using the Qiagen endotoxin-free plasmid purification Maxi-prep
kit (Qiagen, Valencia, CA, USA), according to the manufacturer’s instructions. The concen-
tration of the purified plasmid was quantified in a NanoDrop™ 2000 Spectrophotometer
(Thermofisher Scientific, Waltham, MA, USA). Then, an appropriate volume of each plas-
mid was mixed and incubated for 30 min at room temperature with the corresponding
volume of each niosome suspension (1 mg/mL cationic lipid) to obtain the respective
nioplexes at cationic lipid:DNA ratios (w:w) of 2:1, 5:1, 8:1, and 10:1.

2.2. Physicochemical Characterization of Niosomes and Nioplexes

The hydrodynamic diameter, which includes the particle size and dispersity (Ð), and
the zeta potential of all niosomes and their corresponding nioplexes were determined by
Dynamic Light Scattering (DLS) and by Laser Doppler Velocimetry (LDV), respectively,
using a Zetasizer Nano ZS (Malvern Instrument, Malvern, Worcestershire, UK), and the
morphology of niosomes was determined by transmission electron microscopy (TEM), all
as previously described [22].

2.3. Animal Models

E16-E19 rat embryos (Sprague Dawley) were used for the extraction of primary neu-
ronal cells for in vitro experiments. All experimental procedures were carried out in
accordance with the RD 53/2013 Spanish and 2010/63/EU European Union regulations for
the use of animals in scientific research. Procedures were approved and supervised by the
Miguel Hernández University Standing Committee for Animal Use in the Laboratory with
code UMH.CID.DPC.01.17.2019/VSC/PEA/0010.

2.4. Primary Neuronal Cell Extraction and Culture

Primary neuronal cells were extracted from the cortical tissue of rat embryos (Sprague
Dawley) and maintained in DMEM (GIBCO®, Thermofisher Scientific, Waltham, MA, USA)
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with 10% fetal bovine serum (FBS; Biowest®, Nuaillé, Pays de la Loire, France) during
extraction. Afterwards, we removed DMEM with 10% FBS and added FBS-free DMEM in
order to perform chemical dissociation. Chemical dissociation was carried out by adding
trypsin 0.05% and incubating the mixture at 37 ◦C. Once the cell density was quantified in
a hemocytometer, cells were re-suspended according to the desired morphological analysis.
For morphological analysis of cortical neurons transfected with nioplexes, cells were
resuspended in Neurobasal™ (GIBCO®) medium supplemented with FBS, B27, GlutaMAX,
and penicillin-streptomycin (GIBCO®) and seeded at 1.5 × 105 cells per well in 24-well
plates on glass coverslips, while for morphological analysis of cortical neurons transfected
with only plasmids or niosomes, cells were resuspended in BrainPhys™ Imaging Optimized
Medium (BPI; STEMCELL®, Saint-Égrève, Grenoble, France) supplemented with FBS, B27,
GlutaMAX, and penicillin-streptomycin (GIBCO®) and seeded at 5 × 104 cells per well in
24-well plates on glass coverslips. Cell cultures were maintained in an incubator at 37 ◦C
and 5% CO2. This BPI medium was used in order to maintain alive the smaller number of
cells per well (compared to Neurobasal™ cultures) and to facilitate cell imaging without
the presence of genetically expressed fluorescent reporters. For cell viability analysis, cells
were re-suspended in Neurobasal™ medium supplemented with FBS, B27, GlutaMAX,
and penicillin-streptomycin and seeded at 1.5 × 104 cells per well in 96-well plates.

2.5. In Vitro Transfection in Primary Neuronal Cell Culture

Cells in Neurobasal™ medium were seeded and incubated in 24-well plates between
21–28 days in vitro (DIV) before transfecting. Nioplexes, composed of niosomes and 1.25 μg
of plasmid per well at their respective cationic lipid:DNA ratio (w:w), were formed by
electrostatic interactions during 30 min at room temperature in serum-free OptiMEM
solution (GIBCO®). Cells were transfected with nioplexes between these ages and not
in younger cells (7–11 DIV) since they developed electrophysiological activity, which
allowed correlating morphological results with electrophysiological results, also avoiding
the loss of fluorescent cells while waiting for younger cells to develop electrophysiological
activity. Transfection was carried out by exposing cells to nioplexes for 4 h at 37 ◦C in the
incubator, followed by removal of the transfection medium and replacement with fresh
Neurobasal™ medium. Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA) at a 1:1
ratio was employed as a positive control. In 96-well plates, the seeding, incubation, and
transfection protocol was similar, but this time we also treated cells between 7–11 DIV, and
the concentration of plasmid in each well was 0.25 μg.

Cells in BPI medium were seeded and incubated in 24-well plates, both between
21–28 and 7–11 DIV before transfecting. In addition, 1.25 μg of plasmid and niosomes at
their respective cationic lipid/DNA ratio were incubated separately for 30 min at room
temperature in OptiMEM solution. Transfection was carried out by exposing cells to
either plasmid or niosomes for 4 h at 37 ◦C in the incubator, followed by removal of the
transfection medium and replacement with fresh BPI medium. Untreated cells incubated
with OptiMEM for 4 h were used as a positive control.

2.6. Morphological Evaluation of Transfected Cultured Cortical Neurons

Neurobasal™ medium was removed from cells 24 h after their exposure to nioplexes,
and they were fixed by 4% paraformaldehyde (PFA; Sigma-Aldrich, Burlington, MA, USA)
for 20 min and washed 2 times with phosphate buffer (PB; Sigma-Aldrich, Burlington,
MA, USA) concentrated at 0.1 M, 10 min each time. After washing, PB 0.1 M with 0.5%
Triton X-100 was added for 5 min, and the cell nuclei were stained with Hoechst 33342
(Sigma-Aldrich, Burlington, MA, USA) for 10 min. Coverslips were mounted in slides with
Mowiol® 4–88 (Sigma-Aldrich, Spain). Fluorescence images were taken with laser-confocal
microscopy (Leica TCS SPE Microsystems GmbH, Wetzlar, Germany).

BPI medium was removed from cells 24 h after their exposure to either plasmids or
niosomes, and they were fixed as described above and blocked with 10% FBS for 1 h, and
then incubated overnight at 4 ◦C with anti-rabbit MAP2 monoclonal antibody (1 mg/mL,
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1:500 dilution, Millipore, Burlington, MA, USA). After washing 2 times with PB 0.1 M for
10 min each time, cells were incubated for 1 h with a secondary antibody, AlexaFluor®

488 donkey anti-rabbit (2 mg/mL, 1:1000 dilution, Invitrogen, Themofisher Scientific,
Waltham, MA, USA). After 3 washes with PB of 5 min each wash, 0.5% Triton X-100 and
Hoechst 33342 addition, as well as coverslip mounting and fluorescence image taking, were
carried out as described above.

Morphological analysis of fluorescence images was performed by the Fiji plugin
NeuronJ. The morphological parameters evaluated in rat cortical neurons were number of
dendrites, branching points, total length of all dendrites, mean length of all dendrites, and
longest dendrite.

2.7. Electrophysiological Recordings

Transfected coverslips were removed from wells using tweezers when the cells had
21–28 DIV and were kept in extracellular medium containing (in mM): 136 NaCl, 2.5 KCl,
10 HEPES, 10 Glucose, 2 CaCl2, 1.3 MgCl (pH = 7.3).

Borosilicate glass capillaries (1B150F-4, World Precision Instruments, USA) of 3–5 MΩ,
obtained by a P97 puller (Sutter Instrument Co., Novato, CA, USA) for patch clamp
recordings, were filled with an intracellular medium containing (in mM): 130 K+-gluconate,
10 NaCl, 1 EGTA, 0.133 CaCl2, 2 MgCl2, 10 HEPES, 3.5 MgATP, 1 NaGTP (pH = 7.3).
Cells were targeted with a patch electrode under visual guidance using the reporter tag’s
fluorescence, and whole-cell recordings were obtained using the HEKA EPC 10 USB double
patch clamp amplifier (Harvard Bioscience, Inc., Holliston, MA, USA). Photocurrents were
recorded while voltage-clamping cells at a potential of −60 mV, and also in the current
clamp configuration in order to monitor the membrane potential during light stimulations.

A monochromatic light source (pE-300 ultra, CoolLED, Andover, UK) was used to
stimulate cells during electrophysiological recordings. In order to measure the photostim-
ulation of targeted cells, we used two 5 ms light flashes at 20 W, with a 1 s interspace of
590 nm for ChrimsonR positive cells and 470 nm for CatCh positive cells.

2.8. Cell Viability

The cell viability of primary neuronal cell cultures of both 21–28 and 7–11 DIV after their
exposure to either plasmids or niosomes were analyzed 24, 48, and 72 h post-transfection by
the tetrazolium salt 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT;
Sigma-Aldrich, Burlington, MA, USA) colorimetric assay, and the absorbance was read
at 570 nm in a 2100-C microplate reader (Neuvar Inc., Palo Alto, CA, USA), according to
the manufacturer’s instructions. Untreated cells incubated with OptiMEM were used as
positive controls, and data were normalized relative to these positive controls.

A similar procedure was performed with primary neuronal cell cultures 21–28 DIV,
which were treated with nioplexes and analyzed 24 h post-transfection.

2.9. Statistical Analysis

Differences between two groups were evaluated using a Mann–Whitney U test in
non-parametric conditions, whereas for multiple comparison, it was either performed using
a one-way ANOVA or multiple t-tests. Data are expressed as mean ± SD. A p-value < 0.05
was considered statistically significant. Analyses were performed with the GraphPad Prism
8.0 statistical package.

3. Results

3.1. Nioplexes Transfection and Neuron Morphology

We tested niosome formulations for their capacity to transfect optogenetic plasmids,
as well as the widely used reporter GFP plasmid. More specifically, cortical neurons were
transfected with the niosomes ND12, P10, and CQ, which were complexed with different
plasmids (pCAG-ChrimsonR-tdT, pAAV-Syn-ChrimsonR-tdT, pCMV-CatCh-EYFP, and
pCAG-GFP) at different cationic lipid/genetic material ratios (2:1, 5:1, 8:1, and 10:1) after
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21 and 28 days in vitro (DIV). We did not observe the expression for any plasmid or
niosome combination at a ratio of 2:1 after 24 h. However, with higher ratios (5:1, 8:1,
and 10:1), we observed cell expression after 24 h. pCAG-ChrimsonR-tdT and pCAG-GFP
plasmids expression was observed using a ratio of 5:1 and higher, pAAV-Syn-ChrimsonR-
tdT plasmid expression was observed using a ratio of 8:1 and higher proportions, and
pCMV-CatCh-EYFP plasmid expression was only observed using a ratio of 10:1.

All niosomes were able to deliver the optogenetic plasmids and successfully trans-
fect neurons. However, the morphology of nioplex transfected cells appeared somehow
different in comparison to cells treated with the commercially available reagent Lipo-
fectamine. To quantify and characterize the differences, we measured (1) the number
of dendrites, (2) branching points, (3) total length of all dendrites, (4) mean length of
all dendrites, and (5) longest dendrite. Our results showed that neurons treated with
niosome formulations and CAG-ChrimsonR plasmid had a significant reduction of all
parameters in comparison with neurons transfected with Lipofectamine (Figures 1A,B
and S1A–C). Similar results were observed in neurons treated with the Syn-ChrimsonR
plasmid (Supplementary Figure S2A–E). This trend was also observed in neurons treated
with niosome GFP complexes (Figures 1C,D and S1D,F), except for the treatment with
ND12 at 5:1, which showed no statistical significance in the mean length of all dendrites
(p-value = 0.1653) (Supplementary Figure S1E).

As previously mentioned, CatCh niosome complexes were only expressed at a ratio
of 10:1. In general, we observed a similar trend in terms of changes to morphology. How-
ever, for cells transfected with P10 at a ratio of 10:1, we observed no statistical difference
when we measured for the longest dendrite compared to controls (p-value = 0.7180). Addi-
tionally, all niosomes complexed with the CatCh plasmid did not exhibit any differences
in the mean length of all the dendrites (Supplementary Figure S2F–J). All p-values can be
found in Supplementary Table S1.

3.2. Electrophysiological Properties of Transfected Neurons

Having observed some morphological changes in neurons treated with niosome com-
plexes, we set out to test if this also translated into any electrophysiological changes. We
performed patch clamp electrophysiology on cells transfected after 21–28 DIV with our
niosome complexes. Neurons transfected with optogenetic nioplexes or with Lipofec-
tamine were photostimulated with 2 pulses (5 ms duration and 1 sec inter-pulse). In
general, Lipofectamine-treated cells (n = 7) showed robust inward currents and light-
driven action potentials (Figure 2A). When we performed voltage clamp (VC) record-
ings on cells treated with P10/CAG-ChrimsonR complexes (Figure 2B), in general, we
observed similar rise times when compared to Lipofectamine controls, except for P10
at 8:1 (pulse 1 p-value = 0.0255 *, pulse 2 p-value = 0.0024 *, n = 6), which was slower
(Figure 2C). Peak amplitudes values for all ratios were significantly smaller in compar-
ison to controls (pulse 1 P10 vs. lipo, 10:1 p-value = 0.01 *, 8:1 p-value = 0.0006 ***, 5:1
p-value = 0.0005 ***, pulse 2, 10:1 p-value = 0.0119 * n = 6, 8:1 p = 0.0006 ***, n = 6, 5:1
p = 0.0006 ***, n = 12) (Figure 2D). When we performed current clamp (CC) recordings, we
observed significant longer rise times only at a ratio of 8:1, but not with 10:1 or 5:1 (pulse
1 P10 vs. lipo, 10:1 p-value ≥ 0.9999, 8:1 p-value = 0.0141 *, 5:1 p-value = 0.8234, pulse 2,
10:1 p-value ≥ 0.9999 n = 6, 8:1 p-value = 0.0083 ***, n = 6, 5:1 p-value = 0.5691 n = 7, lipo
n = 7) (Figure 2E). Peak amplitudes were significantly smaller for all ratios (pulse 1 P10
vs. lipo, 10:1 p-value = 0.0013 **, 8:1 p-value = 0.0024 **, 5:1 p-value = 0.0017 **, pulse 2,
10.1 p-value = 0.0011 **, n = 6, 8:1 p-value = 0.002** n = 6, 5:1 p-value = 0.0016 **, n = 7)
(Figure 2F). Overall, the rise times between Lipofectamine-treated cells and P10 were not
significantly different, except for cells treated with a ratio of 8:1. However, considerable
electrophysiological changes were observed in terms of the peak amplitude when cells
were photostimulated. This general trend was observed with cells treated with ND12 and
CQ (Supplementary Figure S3).
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Figure 1. Morphological changes induced by different niosome-based formulations. The
21–28 DIV rat cortical neurons treated with nioplexes made of pCAG-ChrimsonR-tdTomato plus
niosomes showed reduction in morphological parameters as number of dendrites (A) and total length
of all dendrites (B) compared with the lipofectamine treatment, with the same outcome in pCAG-GFP
(C,D) (Mann–Whitney test, *** p < 0.001, **** p < 0.0001, n = number of cells, N = number of cultures).
(E–H) Morphological aspect of cortical neurons treated with pCAG-ChrimsonR-TdTomato plus
lipofectamine (E), ND12(5:1) (F), P10(5:1) (G), and CQ(5:1) (H). (I–L) Morphological aspect cortical
of neurons treated with pCAG-GFP plus lipofectamine (I), ND12(5:1) (J), P10(5:1) (K), and CQ(5:1)
(scale bar = 50 μm) (L).
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Figure 2. Electrophysiological changes induced by different niosome-based formulations.

(A) Photostimulation of rat cortical neuron DIV 28 expressing CAG-ChrimsonR transfected with
lipofectamine (1:1), showing AP firing. (B) Photostimulation of a rat cortical neuron DIV28 trans-
fected with P10 (8:1) niosomes, showing depolarization, but no AP firing. Voltage clamp (VC, top)
and current clamp (CC, bottom) recordings were performed while cells were photostimulated with
2 pulses of 5 ms (590 nm) with a 1-s interspace. (C–F) Comparison between lipofectamine and P10
niosomes at different ratios in rise time and peak amplitude electrophysiological parameters in each
light pulse (ordinary one-way ANOVA, * p < 0.05, ** p < 0.01, *** p < 0.001). Graphs bars are expressed
as mean ± SD.
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Neurons transfected with Syn-ChrimsonR plasmid and niosomes ND12 and P10 gener-
ally present statistical significance in rise time compared to Lipofectamine (Supplementary
Figure S4), except in the ND12 (10:1) treatment in both pulses (p-value = 0.3775 and 0.0505,
respectively, in VC recordings) (Supplementary Figure S4A) and the P10 (10:1) treatment
in pulse 1 (p-value = 0.2445 in VC) (Supplementary Figure S4F). CQ-Syn-ChrimsonR-
treated cells showed no significant differences in rise times, except for the first pulse
(p-value = 0.019 *) when using a ratio of 10:1 in CC recordings (Supplementary Figure S4L).

Peak amplitude values in both VC and CC modes showed statistical significance,
except the ND12 (10:1) treatment in both pulses (p-value = 0.5061 and 0.6587, respectively)
(Supplementary Figure S4D), P10 (8:1) treatment in both pulses (p-value = 0.5944 and 0.6644,
respectively), P10 (10:1) treatment in both pulses (p-value = 0.3274 and 0.3756, respectively)
(Supplementary Figure S4I), and CQ (10:1) treatment in pulses 1 and 2 (p-value = 0.4276
and 0.4907, respectively) (Supplementary Figure S4M).

Using the CatCh plasmid, there was no difference in any niosome treatment with
any parameter (Supplementary Figure S5), except the peak amplitude in VC between
Lipofectamine and the P10 (10:1) treatment in pulse 1 (p-value = 0.0349 *) (Supplementary
Figure S5G).

Overall, niosome treatment results in variable changes to the rise time in light-driven
responses either decreasing or increasing, depending on the niosome formulation. Peak
amplitudes exhibited similar trends in that most treatments resulted in reduced peak
amplitudes in both the VC and CC modes compared with Lipofectamine. Although cells
depolarized upon illumination in almost all cases, they never reached a threshold to fire an
action potential.

To establish whether there was a positive correlation between morphology and
electrophysiology, we compared the total length of all dendrites and the peak ampli-
tude for both the VC and CC modes. All niosomes complexed with CAG-ChrimsonR
showed a strong positive correlation in both the VC and CC modes with pulses 1 and 2
(pulse 1, VC R squared = 0.9442, CC R squared = 0.9327, pulse 2, VC R squared = 0.9432,
CC R squared = 0.9219) when compared to the Lipofectamine control (Figure 3A–D). Syn-
ChrimsonR treatments showed a positive correlation and statistical significance between mor-
phology and electrophysiology in the VC mode peak amplitude (Supplementary Figure S6A,B),
but the CC mode peak amplitude showed no statistical significance and a weaker positive
correlation (Supplementary Figure S6C,D). CatCh plasmid treatments showed no statistical
significance and a weak positive correlation in the both VC and CC modes with both pulses
(Supplementary Figure S6E–H).

The strong correlation we observe using the CAG-ChrimsonR nioplex confirms that
the morphological changes have a direct influence on the electrophysiological behavior
of these cells. This was observed to a lesser extent with Syn-ChrimsonR only in the VC
mode, while cells treated with CatCh exhibited a weak correlation for both pulses in both
recording modes.
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Figure 3. Correlation of morphological and electrophysiological changes. (A–D) Dispersion
graphs correlating total length of all dendrites morphological parameters with peak amplitude
electrophysiological parameters, existing positive correlation with VC recordings in pulses 1 (A) and
2 (B) and in CC recordings in pulses 1 (C) and 2 (D) (simple linear regression). Dots represent mean,
horizontal graphs morphological (X-axis) SD, and vertical graphs electrophysiological (Y-axis) SD.

3.3. Morphological Characterization and Cell Viability Assesment of Niosomes, Nioplexes, and
Naked Plasmids

To discern whether the niosomes themselves were the negative factor affecting mor-
phology, rather than a combination with the plasmids, we treated cortical neurons after
21–28 DIV with only the niosome formulations and characterized the morphology by
marking cells with the anti-MAP2 antibody. We observed significant differences in the
number of dendrites, as well as in the total length of all dendrites, for several niosomes
treatments when compared to untreated cells (Figure 4A,B), except for the total length of all
dendrites of neurons treated with CQ (5:1) (p-value = 0.1051). Furthermore, CQ (5:1)-treated
cells had a similar appearance to untreated controls, and dendritic blebbing was absent
(Figure 4C,D) which was observed in most other treatments (Figure 2E). On the other hand,
in some of the treatments, no statistical differences were observed in certain morphological
parameters, more specifically, in the mean length of all dendrites with treatments ND12
(8:1) (p-value = 0.0753), ND12 (10:1) (p-value = 0.0630), P10 (5:1) (p-value = 0.1431), P10 (8:1)
(p-value = 0.0630), and CQ (10:1) (p-value = 0.1655) (Supplementary Figure S7B).
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Figure 4. Treatment with only niosomes in 21-28 DIV rat cortical neurons. (A,B) The 21–28 DIV
rat cortical neurons treated with only niosomes showed morphological alterations in their number
of dendrites (A) and total length of all dendrites (B) compared with untreated neurons, except for
the neurons treated with only CQ niosomes at a 5:1 proportion (Mann–Whitney test, ** p < 0.01,
*** p < 0.001, **** p < 0.0001, n = number of cells, N = number of cultures). (C,E) Morphological aspect
of cortical neurons untreated (C), treated with only CQ niosomes at a 5:1 proportion (D), and only
ND12 niosomes at an 8:1 proportion (scale bar = 50 μm) (E).

To rule out the possibility that the plasmids themselves may have an adverse effect
on neurons, we performed similar experiments by applying our naked plasmids, with-
out niosome delivery systems, in 21–28 DIV cortical cultures. In general, no statistical
differences were observed in the mean length of all dendrites and the longest dendrite in
comparison to untreated controls (Supplementary Figure S8D,E). However, when using the
CatCh and Syn-ChrimsonR plasmid, we did observe a reduction in the number of dendrites
(p-value = 0.0136 * and 0.0014 **, respectively), branching points (p-value = 0.0081 ** and
0.0023 **, respectively), and total length of all dendrites (p-value = 0.0068 ** and 0.0039 **, re-
spectively), and we also observed a reduction in the number of dendrites (p-value = 0.0498)
and branching points (p-value = 0.0410) with the CAG-ChrimsonR plasmid, but not in
the total length of all dendrites (p-value = 0.2799) (Supplementary Figure S8A–C). Experi-
ments performed adding only Lipofectamine (1:1) showed no statistical difference in any
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morphological parameter compared with untreated neurons. All p-values can be found in
Supplementary Table S2.

To investigate whether niosomes can affect the viability of neurons, we performed cell
viability experiments. Neurons were seeded in a 96-well plate and divided into 3 groups:
plasmid treated, niosome treated, and untreated controls. MTT was added to the wells 24,
48, and 72 h after the initial treatment. Values were normalized according to the absorbance
values obtained in the untreated wells (Figure 5). The treatment with all nanoparticles at a
5:1 ratio did not show a statistically significant decrease in cell viability. On the other hand,
wells treated with only nanoparticles at the 8:1 and 10:1 ratios showed a decrease in cell
viability as early as 24 h, especially with the ND12 and CQ treatments (p-value < 0.0001 ****)
and P10 to a lower extent (8:1 p-value = 0.03 *, 10:1 p-value = 0.038 *).

Figure 5. Cell viability using different proportions of niosomes in 21–28 DIV cortical neurons.

MTT assays performed at 24, 48, and 72 h in 21–28 DIV rat cortical neurons showed reduced cell
viability at niosome 8:1 and 10:1 proportions compared with lower proportions and untreated neurons
(Multiple t-tests, * p < 0.05, *** p < 0.001, **** p < 0.0001, n = number of wells, N = number of cultures).
Graph bars are expressed as mean ± SD.
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After 48 h of treatment, we only observed a significant decrease in cell viability
in ND12 and P10 at 10:1 (p-value = 0.0367 * and 0.0198 *, respectively), but not at 8:1.
However, CQ treatment at 8:1 and 10:1 resulted in a significant decrease in cell viability
(p-value = 0.0001 **** and 0.0011 **, respectively). After 72 h, only the ND12 treatment at a
10:1 ratio showed a significant decrease in cell viability (p-value = 0.0251 *). These results
suggest that the majority of the deleterious effects produced by these niosomes occurs
within the first 24 h once the cells have initially internalized them. All p-values can be
found in Supplementary Table S3.

We then repeated these experiments with the niosomes complexed with the plasmids
to assess any combinatorial effect on cell viability. Overall, we observed a more significant
decrease in cell viability in comparison to the niosome treatment by itself. At ratios 8:1 and
10:1 with optogenetic plasmids, we observed significant decreases in cell viability for all
nioplexes tested (Figure 6), except for P10 at 8:1 for all plasmids and P10 at 10:1 in the CatCh
plasmid (p-value = 0.1531). GFP nioplexes also resulted in decreased viability for all ratios
and niosome combinations, except for P10 8:1 (p-value = 0.1807), CQ 8:1 (p-value = 0.0663),
and P10 10:1 (p-value = 0.7845) (Figure 6). When we only applied the plasmids or Lipofec-
tamine, we observed no decrease in cell viability (Supplementary Figure S9). All p-values
can be found in Supplementary Table S4.

To assess if these morphological changes could be age-dependent, we tested the
niosomes on neurons cultured between 7 and 11 DIV. We observed robust statistical differ-
ences with all niosomes in the number of dendrites, total length of all dendrites (Figure 7),
branching points, and longest dendrite (Supplementary Figure S7D,F) under all conditions.
However, no statistical differences were found in any treatment in the mean length of
all dendrites and some treatments for the longest dendrite (Supplementary Figure S7E).
When we applied naked plasmids to younger cultures, no statistical differences were noted
(Supplementary Figure S8F–J), except for the CAG-ChrimsonR plasmid in the total length
of all dendrites (p-value = 0.0356 *) (Supplementary Figure S8H) and the naked GFP plas-
mid in the longest dendrite (p-value = 0.0199 *) (Supplementary Figure S8J) parameters.
Additional experiments with only Lipofectamine (1:1) showed no statistical difference be-
tween untreated neurons in any morphological parameters, except in the branching points
(p-value = 0.0122 *) and mean length of all dendrites (p-value = 0.0054 **) (Supplementary
Figure S8G,I). All p-values can be found in Supplementary Table S5. Further comparisons
of cell viability at different ages can be found in Figure 8 and Supplementary Figure S10.
All p-values can be found in Supplementary Table S6. These results suggest that older
neurons appear to be more resistant to niosome-induced alterations.
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Figure 6. Cell viability using different proportions of nioplexes. MTT assays performed after 24 h
of treatment in 21–28 DIV rat cortical neurons showed reduced cell viability with nioplexes both at
8:1 and 10:1 proportions compared with untreated neurons (Multiple t-tests, * p < 0.05, *** p < 0.001,
**** p < 0.0001, n = number of wells, N = number of cultures). Graph bars are expressed as mean ± SD.
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Figure 7. Morphological changes induced by different niosome-based formulations in 7–11 DIV

rat cortical neurons. (A,B) The 7–11 DIV rat cortical neurons treated with only niosomes showed
morphological alterations in their number of dendrites (A) and total length of all dendrites (B) com-
pared with untreated neurons (Mann–Whitney test, *** p < 0.001, **** p < 0.0001, n = number of
cells, N = number of cultures). (C–E) Morphological aspect of cortical neurons untreated (C), treated
with only ND12 niosomes at a 10:1 proportion (D), and only P10 niosomes at a 10:1 proportion
(scale bar = 50 μ) (E).
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Figure 8. Cell viability using different proportions of niosomes in 7–11 DIV cortical neurons.

MTT assays performed at 24, 48, and 72 h in 7–11 DIV rat cortical neurons showed reduced cell viabil-
ity at niosome 8:1 and 10:1 proportions compared with lower proportions, naked plasmid treatments,
and untreated neurons (Multiple t-tests, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n = number of wells,
N = number of cultures). Red p-values mean that there is a statistical difference with groups with
higher mean values than the untreated groups, while black p-values mean that there is a statistical
difference with groups with lower mean values than the untreated groups. Graph bars are expressed
as mean ± SD.

4. Discussion

We have combined, for the first time, three different niosome formulations with three
optogenetic plasmids and compared the transfections to a control GFP plasmid. Niosome
ratios of 5:1, 8:1, and 10:1 demonstrated the capacity to transfect optogenetic material in rat
cortical cells in vitro. However, a ratio of 2:1 proved to be insufficient with all plasmids
tested. This is most likely due to the low concentration of niosomes and, in some cases,
more negative zeta potential values hindering the electrostatic interaction between DNA
and nanoparticles (Supplementary Table S7). Positively charged nioplexes are less likely
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to be formed that can easily interact with the negatively charged cell surface facilitating
their uptake through endocytosis [22]. Although expression of the reporter confirmed
the insertion of the optogenetic channels, we observed changes to the morphology of the
neurons. These included a decrease in dendritic length and number, as well as arborization.
This may be due to possible cytotoxic effects with the accumulation of high levels of cationic
lipids and their headgroups (especially at the 8:1 and 10:1 proportions) [45]. When we used
a ratio of 5:1, which has previously been reported to be optimal for transfection, here, once
again, we observed a similar phenotype [22,42,44]. Some of the plasmids used required
a minimal of an 8:1 ratio to observe expression (Syn-ChrimsonR). In some parameters,
however, we did not observe any changes when compared to Lipofectamine-treated cells
and niosomes, for example, with GFP and ND12 at a ratio of 5:1 in the mean length of all
dendrites. This suggests that the size of the plasmid may also play some additional role, as
the CAG-ChrimsonR plasmid is 7301 bp and the Syn-ChrimsonR plasmid is 6864 bp, while
the GFP plasmid is 5551 bp.

Most of the literature on niosomes involves some form of stem cell or cancer cell
line [27,29–32], which are generally more resistant to biological stresses in comparison
to the more susceptible neurons, which may explain the effects we observed, especially
at higher concentrations. However, previous studies on cell viability using niosomes on
hepatocellular carcinoma, HepG2 cells, have shown that a 1.5 μM concentration results in
90% viability and 5 μM in less than 60% viability, corroborating the present results [46].

Interestingly, the CatCh plasmid would only express using a high ratio of 10:1; how-
ever, it showed no statistical difference in the mean length of all dendrites, even though the
total number of dendrites and ramifications were reduced in comparison to Lipofectamine-
treated cells. Considering that the CatCh plasmid is 7099 bp and, therefore, smaller than
the CAG-ChrimsonR plasmid, the morphological alterations might be operating, at the
molecular level, in a different way due to the size. One possible solution for solving prob-
lems related to plasmid size could be using lipid–polymer hybrid nanoparticles, which
consist of nucleic acids polymers coated with a single lipid layer, allowing high nucleic
acid condensation efficiency [47]. Others have reported improved efficiency of niosome
drug delivery by magnetizing them and then modifying the surface by PEGylation to treat
breast cancer cells with Carboplatin [48].

These morphological changes also translated into electrophysiological alterations. The
nioplexes-treated neurons exhibit both reduced inward currents and depolarization, and
generally were unable to fire when photostimulated, in contrast to Lipofectamine-treated
neurons. During photostimulation, we did observe depolarization of the cells, but in almost
all cases, these were sub-threshold and were unable to elicit any spikes. This suggests that
the channels are transported to the cell membrane and are open during photoactivation;
however, the reduction in the dendritic parameters is the most likely reason for the altered
electrophysiological properties of the reduced photocurrents.

Peak amplitudes for all photocurrents were generally significantly reduced for all
nioplexes when combined with CAG-ChrimsonR or Syn-ChrimsonR, while rise times
depended on the plasmid and at which ratio. The CatCh plasmid, however, which was
only expressed with all niosomes at a ratio of 10:1, exhibited in general slightly smaller
peak amplitudes, but in most cases, they were not significantly different when compared
to Lipofectamine. Rise times to peak amplitude were more varied and depended on the
ratio and the nanoparticle being used. Neurons treated with the CatCh nioplexes had no
differences in rise time compared with the CatCh with Lipofectamine.

We observed a strong correlation between the total length of all dendrites and peak
amplitude between both pulses, suggesting that the morphological changes directly influ-
ence the cell’s electrophysiological properties. CAG-ChrimsonR revealed a strong positive
correlation between morphology and electrophysiology. The noxious effects that niosome
uptake has on normal dendritic morphology development directly relates to the lower
peak values recorded. However, this correlation was not always consistent, being weaker
in the CC peak amplitude of Syn-ChrimsonR expressing neurons and, in general, in CatCh

130



Pharmaceutics 2023, 15, 1860

expressing neurons. The CatCh results are consistent with the lower differences in both the
morphological and electrophysiological values observed after treatments. Therefore, the
difficulty of nioplex-treated neurons to fire APs could be related to the amount of cationic
lipid introduced in the membrane, compromising stability [49].

To discern whether niosomes or plasmids were damaging the cells, we tested just
the niosomes and the naked plasmids and characterized the morphology of neurons in
young and mature cultures. To our surprise, both the niosomes and the naked plasmids
appeared to have a detrimental influence on some morphological properties of the cells.
This suggests that there may be a combinatory effect. Interestingly, while naked plasmids
did not generally affect the morphology of younger neurons, they did affect the mature
cultures in some aspects, especially with the Syn-ChrimsonR and CatCh plasmids. As
the purity of the plasmids was within an acceptable range of (A260/A280 = 1.8–2), we
doubt this may have been due to contamination. This was intriguing, as bigger plasmids
tend to degrade faster within cell medium [50]. Further, while adult neurons seem not
to be affected by Lipofectamine alone, in younger neurons, it affects some morphological
parameters (especially the mean length of all dendrites), suggesting that young neurons
are more sensitive also to Lipofectamine.

The nanoparticles are predominantly taken up into the cell through the process of
endocytosis and initially trapped within a membrane vesicle, which budded off from the
cell membrane and eventually released into the cytosol. Once the plasmid has been released
from the vesicle, the nanoparticles may continue to disrupt intracellular membranes, such
as those of the mitochondria. Mitochondrial metabolism that has been disrupted can lead
to the generation of reactive oxygen species (ROS), which can damage DNA and exhibit
other toxic effects. Some suggestions have been made that lipids that act as mRNA carriers
in vaccines could be responsible for possible cytotoxicity in a similar fashion [51].

Finally, the viability results revealed that high proportions (specially, 8:1 and 10:1)
of only niosomes produced a decline in cell viability, which was not observed in either
naked plasmids or niosomes at a ratio of 5:1. This decline was consistent in young neurons
throughout all times tested, but not in adult neurons, in which the noxious effect of
niosomes appears to diminish with time. This is probably due to younger cultures being
more sensitive to environmental changes in comparison to mature cells [52]. The results
of cell viability with nioplexes in adult neurons suggested that nioplexes caused, in some
cases, higher cell damage than only niosomes, as a higher decrease in cell viability was
observed. Therefore, it seemed as if a synergistic effect between the niosomes and the
plasmid occurs. This, however, varied among niosomes, with P10 nioplexes exhibiting the
lowest decreases in cell viability, suggesting that the composition of the helper compound
may have a key role in the degree of harm produced.

Our results show for the first time that all the niosomes tested were able to transfect
cortical neurons with optogenetic channels, suggesting that niosomes are good candidates
to transfect optogenetic tools. However, our results also suggest that there is room for
improvement. Thus, some transfected cells exhibit morphological and electrophysiological
changes that affect them negatively, especially when using high niosome concentrations.
Therefore, we should be aware of the importance of finding a correct balance between the
concentration of niosomes and the ratio of niosomes to optogenetic plasmids. Engineering
new formulations is a critical challenge for the development of advanced optogenetics
applications based on these promising non-viral vectors.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics15071860/s1, Figure S1: Additional morphological
parameters in neurons treated with nioplexes made of pCAG-ChrimsonR-tdTomato and pCAG-
GFP; Figure S2: Morphological parameters in neurons treated with nioplexes made of pAAV-Syn-
ChrimsonR-tdTomato and pCMV-CatCh-EYFP; Table S1: p-values of 21–28 DIV neurons treated with
nioplexes; Figure S3: Additional electrophysiological changes produced by nioplexes with CAG-
ChrimsonR in rat cortical neurons; Figure S4: Electrophysiological changes produced by nioplexes
with Syn-ChrimsonR in rat cortical neurons; Figure S5: Electrophysiological changes produced by
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nioplexes with CatCh in rat cortical neurons; Figure S6: Morphological and electrophysiological
changes correlations in Syn-ChrimsonR and CatCh plasmids; Figure S7: Additional morphological
parameters affected by niosomes themselves produce morphological changes in both 21–28 DIV and
7–11 DIV rat cortical neurons; Figure S8: Morphological parameters in neurons treated with naked
plasmids and only lipofectamine in both 21–28 DIV and 7–11 DIV rat cortical neurons; Figure S9:
Cell viability with naked plasmids and lipofectamine is not affected in 21–28 DIV cortical neurons;
Figure S10: Cell viability with naked plasmids and lipofectamine is not affected in 7–11 DIV cortical
neurons; Table S2: p-values of 21–28 DIV neurons treated with only niosomes or naked plasmids (mor-
phological); Table S3: p-values of 21–28 DIV neurons treated with only niosomes or naked plasmids
(MTT); Table S4: p-values of 21–28 DIV neurons treated with nioplexes (MTT); Table S5: p-values of
7–11 DIV neurons treated with only niosomes or naked plasmids (morphological); Table S6: p-values
of 7–11 DIV neurons treated with only niosomes or naked plasmids MTT); Table S7: size, zeta
potential, and polydispersity index of niosomes and nioplexes.
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Abstract: Cancer is still ranked among the top three causes of death in the 30- to 69-year-old age group
in most countries and carries considerable societal and macroeconomic costs that differ depending
on the cancer type, geography, and patient gender. Despite advances in several pharmacological
approaches, the lack of stability and specificity, dose-related toxicity, and limited bioavailability of
chemotherapy (standard therapy) pose major obstacles in cancer treatment, with multidrug resistance
being a driving factor in chemotherapy failure. The past three decades have been the stage for
intense research activity on the topic of nanomedicine, which has resulted in many nanotherapeutics
with reduced toxicity, increased bioavailability, and improved pharmacokinetics and therapeutic
efficacy employing smart drug delivery systems (SDDSs). Polymeric micelles (PMs) have become
an auspicious DDS for medicinal compounds, being used to encapsulate hydrophobic drugs that
also exhibit substantial toxicity. Through preclinical animal testing, PMs improved pharmacokinetic
profiles and increased efficacy, resulting in a higher safety profile for therapeutic drugs. This review
focuses on PMs that are already in clinical trials, traveling the pathways from preclinical to clinical
studies until introduction to the market.

Keywords: cancer; nanomedicine; polymeric micelles; amphiphilic polymers; targeted drug delivery;
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1. Introduction

Cancer corresponds to a heterogeneous group of malignant diseases in which cells
divide abnormally without control, with the potential to invade other tissues [1–3]. Cancer
ranks second among the main causes of death worldwide (particularly in industrialized
countries), and its incidence is expected to increase. According to the World Health Organi-
zation (WHO), global cancer statistics (2022) pointed to 20 million new cases and 9.7 million
deaths, with a 77% increase expected by 2050 [4]. Lung, breast, colorectal, prostate, and
stomach cancers are the most frequent ones (Table 1) as stated by the Global Cancer Obser-
vatory (GLOBOCAN) of the International Agency for Research on Cancer (IARC).

Cancer is a multifactorial disease that can be triggered by genetic predispositions,
environmental influences, and lifestyle choices. Some risks are already known, including
immune system diseases, high-fat diets, tobacco use, excessive alcohol consumption, and
viral infections [5]. The incidence is influenced by genetic conditions, age, ethnicity, and
geography. The majority of neoplasms are sporadic, however, genetic inheritance is known
to play a significant role [5].

1.1. The Tumor Microenvironment

Cancer complexity stems from both inter- and intratumoral heterogeneity and dynamic
cell plasticity, which determines cancer cell progression, spread, and treatment resistance [2].
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A network of signal transduction pathways, particularly those that promote the epithelial-
to-mesenchymal transition and metabolic remodeling, are involved in the transformational
nature of cancer and influence the evolutionary trajectory of cancer cells [2,6].

Table 1. Global prevalence, incidence, and years lived with disability (YLDs) ascribed to cancer for
males, females, and both genders in 2021 with percentage change (numbers in parentheses) between
2010 and 2021. Data from Global Burden of Disease Collaborative Network 2022 [7].

Cancer Type
Prevalence

Cases (Millions)
Incidence

Cases (Millions)
YLDs

Counts (Millions)

Breast 20.6 (34.0%) 2.12 (32.8%) 1.48 (31.8%)
female 20.3 (33.8%) 2.08 (32.6%) 1.45 (31.5%)
male 0.320 (53.6%) 0.0388 (46.7%) 0.0293 (49.0%)
both 20.6 (34.0%) 2.12 (32.8%) 1.48 (31.8%)

Colorectal
female 4.92 (35.1%) 0.931 (31.4%) 0.450 (32.6%)
male 6.76 (44.2%) 1.26 (39.4%) 0.632 (41.4%)
both 11.7 (40.2%) 25.6 (35.9%) 1.08 (37.6%)

Prostate
male 10.4 (33.5%) 1.32 (31.2%) 0.848 (30.4%)

Trachea,
bronchus, and lung

female 1.15 (37.0%) 0.779 (37.3%) 0.188 (35.8)
male 2.10 (24.0%) 1.50 (21.2%) 0.361 (21.4%)
both 3.25 (28.3%) 2.28 (26.2%) 0.548 (26.0%)

Stomach
female 0.695 (9.8) 0.397 (9.8%) 0.101 (9.8%)
male 1.70 (14.2%) 0.833 (9.5%) 0.224 (1.0%)
both 2.39 (12.9%) 1.23 (9.6%) 0.326 (10.6%)

Liver
female 0.219 (21.4%) 0.165 (28.2%) 0.0391 (26.8%)
male 0.521 (23.3%) 0.364 (25.0%) 0.0874 (25.1%)
both 0.739 (22.7%) 0.529 (26.0%) 0.127 (25.6%)

Pancreatic
female 0.201 (36.7%) 0.235 (38.5%) 0.0475 (37.6%)
male 0.238 (35.9%) 0.274 (38.1%) 0.0561 (36.8%)
both 0.439 (36.3%) 0.509 (38.3%) 0.104 (37.2%)

Despite tumor heterogeneity, the tumor microenvironment (TME) shares common
features that contribute to cancer development [8,9]. Various cell types, including mes-
enchymal stromal cells (MSCs), tumor endothelial cells (TECs), pericytes, and infiltrating
immune cells (lymphocytes, neutrophils, tumor-associated macrophages (TAMs), and mast
cells) are found in the TME, which also includes cancer cells, cancer-associated fibroblasts
(CAFs), and the extracellular matrix (ECM) [8,9].

Genetic alterations in tumor cells lead to hyperplasia, uncontrolled growth and pro-
liferation, and resistance to apoptosis. Several proteins, enzymes, cell surface receptors,
growth factors, inflammatory mediators (e.g., cytokines and chemokines), and antigens are
overexpressed in tumor cells [10,11]. The increased expression of matrix metalloproteinases
(MMPs), responsible for the degradation of ECM proteins, plays an important role in TME
remodeling associated with cell proliferation, migration, angiogenesis, and metastasis.
Additionally, cancer cells often overexpress integrins, which are cell-adhesion transmem-
brane receptors involved in angiogenesis, recruitment of inflammatory cells, and tumor
invasiveness [10,11]. Rapid proliferation of cancer cells is also associated with an increased
demand for folate and iron. Thus, folate receptors (FRs) and transferrin receptors (TfRs),
which mediate cellular uptake of folate and iron, respectively, are often overexpressed in
cancer cells [10,11].

Moreover, the high oxygen requirement of fast proliferating tumor cells and the
compromised tumor vasculature lead to low oxygen supply, and the resulting hypoxia
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environment triggers a metabolic shift from mitochondrial oxidative phosphorylation (the
main pathway for energy production in normal cells) towards aerobic glycolysis [8,9].
Known as the Warburg effect [12], aerobic glycolysis leads to preferential glucose uptake
and conversion into lactic acid, resulting in the acidic extracellular pH characteristic of
solid tumors. This metabolic shift is mediated by hypoxia-inducible factor-1 (HIF-1), a
transcription factor upregulated in cancer cells that responds to hypoxia by activating
genes involved in glycolysis, angiogenesis, and cell survival [8,9]. Tumor hypoxia enhances
the production of reactive oxygen species (ROS) and oxidative stress and affects the redox
status of the TME by upregulating antioxidant enzymes involved in the synthesis of
glutathione (GSH), an important intracellular antioxidant that regulates the cellular redox
state by scavenging reactive oxygen and nitrogen species [8,9]. Despite the redox potential
difference between the intra- and extracellular milieu of normal cells, this differential is
increased in cancer cells due to 2- to 4-fold higher GSH content in the cytosol and subcellular
organelles, contributing to the reductive TME.

Additionally, hypoxia drives the release of vascular endothelial growth factor-A
(VEGF-A) that binds the VEGF receptor 2 (VEGFR2) at the surface of neighboring en-
dothelial cells, inducing angiogenesis [8,9]. The overexpression of VEGF-A at the TME
enhances neo-angiogenesis, producing primitive vasculature networks characterized by
dysfunctional blood vessels with irregular and leaky lumen, which contribute to increased
interstitial fluid pressure. VEGF-induced primitive vasculatures are shared in various solid
tumors, promoting tumor growth, invasion, and metastasis [9]. Furthermore, TECs are
known to overexpress αvβ3, an integrin involved in the regulation of the sprouting ability
of endothelial cells during angiogenesis [9].

The hallmarks of the TME are summarized in Figure 1.

Figure 1. Characteristic features of the tumor microenvironment.

1.2. Cancer Chemotherapy

Chemotherapy is an effective treatment strategy for cancer, often combined with
surgery and/or radiotherapy, depending on the tumor stage [13,14]. Despite the develop-
ment of novel cancer treatment options, such as small-molecule targeted anticancer drugs
(e.g., oncogene-targeted tyrosine kinase inhibitors, TKIs), immunotherapies (e.g., immune
checkpoint inhibitors), and gene therapies (e.g., plasmid DNA, small interfering RNA,
and microRNAs), conventional chemotherapy relying on cytotoxic drugs to kill and/or
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inhibit the growth and proliferation of cancer cells remains the first-line treatment for many
cancers [1,13].

Traditional chemotherapeutic drugs are classified according to their primary mecha-
nism of action (Table 2), which typically involves interaction with DNA and disruption of
the cell cycle, although other secondary modes of action, such as the production of ROS and
interference with mitochondrial pathways, also contribute to their cytotoxicity, ultimately
leading to cell death in tumor tissues [13].

Table 2. Classification of conventional (cytotoxic) chemotherapeutic drugs based on their mode
of action.

Drug Class Examples

Alkylating agents

Nitrogen mustards (bendamustine, chlorambucil,
cyclophosphamide, ifosfamide, mechlorethamine,
melphalan)
Nitrosoureas (carmustine, lomustine, streptozocin)
Platinum coordination complexes (cisplatin, carboplatin,
oxaliplatin)
Triazenes (dacarbazine, procarbazine, temozolomide)
Alkyl sulfonate (busulfan)
Ethyleneimine (thiotepa)

Antimetabolites

Folate antagonists (methotrexate, pemetrexed, pralatrexate,
raltitrexed)
Purine antagonists (fludarabine, 6-mercaptopurine,
pentostatin, 6-thioguanine)
Pyrimidine antagonists (azacitidine, capecitabine, cytarabine,
5-fluorouracil, gemcitabine)

Antibiotics
Anthracyclines (daunorubicin, doxorubicin, epirubicin,
idarubicin), mitoxantrone
Nonanthracyclines (bleomycin, dactinomycin, mitomycin)

Topoisomerase inhibitors

• Topoisomerase I inhibitors Camptothecin derivatives (irinotecan, topotecan)

• Topoisomerase II inhibitors

- catalytic inhibitors
- poisons

Epipodophylotoxins (etoposide, tenoposide)
Anthracyclines (daunorubicin, doxorubicin, epirubicin,
idarubicin), mitoxantrone

Mitotic inhibitors

• Microtubule-stabilizing
agents

Taxanes (cabazitaxel, docetaxel, paclitaxel)
Epothilones (Ixabepilone)

• Microtubule-destabilizing
agents

Vinca alkaloids (vinblastine, vincristine, vinorelbine)

Chemotherapy is associated with toxic side effects due to the broad spectrum of activity
and narrow therapeutic window of cytotoxic drugs, which do not distinguish between cancer
cells and normal (healthy) cells. Most chemotherapeutic agents preferentially attack rapidly
multiplying cells, such as cancer cells, but also bone marrow, gastrointestinal tract, and
hair follicle cells [13]. Common adverse events (AEs) associated with cytotoxic anticancer
drugs include myelosuppression, neutropenia, neurotoxicity, nephrotoxicity, hepatotoxicity,
mucositis, nausea, vomiting, diarrhea, alopecia, cutaneous reactions, anemia, body weight
loss, fatigue, and an increased risk of infections due to immunosuppression [1,13,15].

Moreover, most cytotoxic drugs in the clinic are highly hydrophobic (Figure 2), suffer-
ing from poor water solubility and low bioavailability, being administered as intravenous
(IV) infusions (using body surface area dosing) at repeated, regular intervals (treatment
cycles) to allow the recovery of normal tissues [13,15]. Nevertheless, neo-angiogenesis,
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dysfunctional tumor vasculature, increased interstitial fluid pressure, and efflux pumps,
namely P-glycoprotein (P-gp), hinder intracellular therapeutic concentrations of cytotoxic
drugs reaching the tumor site. The subtherapeutic drug availability in cancer cells can
lead to the development of multidrug resistance (MDR), therefore a higher dose, often the
maximum tolerated dose (MTD), is usually applied, causing systemic toxicity and potential
severe AEs [13,15].

Figure 2. Some chemotherapeutic drugs under development as polymeric micellar formulations
currently in different phases of clinical trials.

Combination chemotherapy involving the “cocktail” administration of multiple
chemotherapy drugs simultaneously, preferentially with different mechanisms of action
and non-overlapping toxicities, has shown considerable promise in overcoming MDR,
preventing disease recurrence, and extending the survival of cancer patients when com-
pared to monotherapy regimens [13,16]. Similarly, the combination of chemotherapy with
phototherapy, gene therapy, and immunotherapy produces synergistic antitumoral effects
and allows lower doses of the cytotoxic agent, reducing toxic side effects and enhancing
the sensitivity of cancer cells toward the chemotherapeutic drug [16–18].

Improving the selectivity of anticancer drug delivery towards cancer cells while
sparing normal (healthy) cells and tissues is a major challenge in cancer chemotherapy con-
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sidering tumor heterogeneity and complexity. Therefore, targeting the TME or its (a)cellular
components, which can reprogram tumor initiation, growth, invasion, metastasis, and
therapy response, is a promising therapeutic strategy and nanomedicines are particularly
suited to the task [19]. Several nanoformulations of hydrophobic cytotoxic drugs have been
approved by the United States Food and Drug Administration (FDA) for cancer chemother-
apy and are currently in the market, including Doxil®/Lipodox® (liposomal formulation of
doxorubicin) and Abraxane® (nanoparticle albumin-bound paclitaxel), while many others
are in clinical trials, including polymeric micelles [20]. The role of nanotechnology in the
development of effective anticancer therapies for targeted and controlled drug delivery at
the tumor site, thus improving drug efficacy and reducing systemic toxicity, is discussed in
the next section.

2. The Role of Nanotechnology in Cancer Chemotherapy

The nanotechnological approach, involving drug encapsulation in polymer- or lipid-
based nanoparticles (NPs), is a promising strategy for the delivery of hydrophobic
chemotherapeutic agents. The nanocarriers solubilize the drug and protect it from chemical
and enzymatic degradation, prolonging circulation in the bloodstream while simultane-
ously avoiding systemic toxicity [1]. Drugs can be physically encapsulated or chemically
conjugated to the NP via labile bonds (prodrugs). In the former case, drug release rate is
controlled by erosion of the biodegradable core material, diffusion across the polymeric
matrix core, or polymer swelling followed by drug diffusion, while in the latter, drug
release requires activation via bond cleavage by small molecules or enzymes [21,22].

Size is crucial for cellular uptake, drug release kinetics, biodistribution, and toxicity
of NPs. NPs are usually internalized through endocytic pathways, becoming trapped
in lysosomes and endosomes [1,23]. The cellular uptake of NPs with sizes in the range
20–100 nm involves caveolin-mediated endocytosis while larger NPs, within the submicron
range (100–350 nm), are mainly internalized through clathrin-mediated endocytosis [23].
Therefore, targeting drug-loaded NPs to specific cellular organelles, such as endosomes and
lysosomes, can circumvent recognition by drug efflux pumps, like P-gp, through internaliza-
tion by endocytosis, thus overcoming MDR in cancer cells. Other mechanisms, like phago-
cytosis and micropinocytosis, may also contribute to NP internalization [23]. Besides size,
cellular uptake is also influenced by surface charge of the NP. Cell membranes are negatively
charged, which enhances cellular uptake of NPs with net positive surface charge (positive
zeta potential) over negatively charged ones due to attractive electrostatic interactions, while
selective uptake of anionic NPs by phagocytic cells has been reported [1,23,24].

NPs interact with serum proteins, which adsorb at the surface of the nanocarrier
forming a protein corona that prevents NP agglomeration and reduces their toxicity, but
also enhances their recognition and clearance by the mononuclear phagocytic system
(MPS), which limits NP delivery and distribution [1,22,23,25]. Surface functionalization
of NPs can reduce their cytotoxicity and promote cellular uptake by inhibiting protein
corona formation in the presence of serum proteins. Hydrophilic surface coating minimizes
protein adsorption and prolongs circulation in the bloodstream by escaping the MPS in the
liver and spleen [1,22,23]. Poly(ethylene glycol) (PEG) is a hydrophilic, non-ionic synthetic
polymer that is FDA-approved for clinical use and most often selected as hydrophilic
coating due to its good biocompatibility and non-immunogenicity [1,23,26]. PEG is water-
soluble and in aqueous environments forms a highly hydrated, dense brush-like shell that
ensures NP solubility and stability, hindering NP aggregation as well as protein binding
and opsonization, thus prolonging the NP circulation time upon systemic administration.
Furthermore, PEG offers the additional advantage of being easily functionalized with
appropriate ligands for targeted drug delivery, contributing to improving the efficacy and
safety of anticancer drugs [26]. However, PEG is not biodegradable, and its excretion
is dependent on the molecular weight (MW) of the polymer. Low-MW PEGs mainly
undergo renal clearance by passive glomerular filtration while those with high MW are
predominantly excreted into bile [27]. The MW threshold for kidney clearance of PEGs has
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been determined as 30 kDa, and PEGs with MWs in the range 2–15 kDa are often chosen to
allow for complete renal excretion of the polymer [27].

Moreover, NPs can effectively target the drug to the local site(s) of action, i.e., tumor
tissues, which can be achieved by passive or active targeting.

2.1. Tumor-Targeting Mechanisms
2.1.1. Passive Targeting

In passive targeting, NPs accumulate in tumor tissues due to the compromised leaky
vasculature, which allows extravasation of nanosized particles (10–100 nm) that become
trapped in the TME because of poor lymphatic drainage, a phenomenon known as the
enhanced permeability and retention (EPR) effect [21,22,25]. After accumulating in tumors,
NPs can act as intracellular Trojan horses, selectively delivering the chemotherapeutic
drugs to their subcellular targets, thus overcoming drug resistance mechanisms. EPR-
based chemotherapeutics are known to alter the drug pharmacokinetics and biodistribu-
tion, minimizing the plasma concentration peak (Cmax) and increasing the area under the
concentration–time curve (AUC), both in plasma and in tumor, thus providing longer
exposure to therapeutic levels of the drug at the target site that contribute to improving
drug efficacy and safety [21,22].

2.1.2. Active Targeting

Active targeting makes use of the overexpression of certain cell surface receptors
and antigens in cancer cells, aiming at increasing NP accumulation in tumor tissues and
simultaneously enhancing selective uptake via receptor-mediated endocytosis [10,11,28].
Functionalization of the surface of NPs by conjugation with appropriate targeting ligands,
such as folate, transferrin, monoclonal antibodies (mAbs), peptides, carbohydrates, and
aptamers, is an efficient strategy for specific and selective drug delivery to cancer cells or
intracellular components [10,11,22,28].

The targeting ligands can identify a variety of representative tumor biomarkers, such
as FR, TfR, insulin receptor (IR), estrogen receptor α (ERα), prostate-specific membrane
antigen (PSMA), mucin-1 (MUC1), nucleolin, and human epidermal growth factor receptor
2 (HER2) [10,11,29–31]. TfR is overexpressed in cancer cells, and its endothelium expression
is restricted to the endothelial cells forming the blood–brain barrier (BBB), which allows
drug targeting to the central nervous system (CNS). Transferrin-targeted NPs can cross
the BBB and enhance cellular uptake and brain accumulation of antiglioma drugs with
poor BBB permeability [10,11,28]. NPs functionalized with carbohydrate moieties (e.g.,
galactose, lactose, glucose, or mannose) target the asialoglycoprotein receptor (ASGPR)
overexpressed in hepatocellular carcinoma cells for selective drug delivery with high
affinity [10,28]. Among the peptide ligands, arginine–glycine–aspartic acid (RGD), or
other peptides containing this amino acid sequence, are often used for targeting αvβ3
integrin receptors overexpressed in cancer cells and angiogenic endothelial cells in the
tumor vasculature [10,11,28].

Antibody-targeted NPs, prepared by attaching mAbs or antibody fragments to the hy-
drophilic surface of the NP (usually PEG), provide broad diversity of targets and specificity
of interaction [10,28]. Aptamers are synthetic single-stranded RNA or DNA oligonu-
cleotides designed to bind specific molecular targets. Aptamers are smaller and less
immunogenic than mAbs, show better tissue penetration, and resist enzymatic degradation
in vivo (unlike peptides), being easily synthesized and modified [10,28,31].

2.2. Stimuli-Responsive Nanocarriers

Controlled drug release at the target site is crucial to achieve therapeutic concentra-
tions. Stimuli-responsive “smart” NPs are designed for effective on-site drug release by
undergoing changes in chemical structure or physicochemical properties in response to
specific environmental stimuli, either endogenous or exogenous, or a combination of two
or more stimuli, to improve targetability and combinatorial drug delivery [21,22,28,32,33].
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2.2.1. Endogenous Stimuli

Endogenous stimuli include pH, redox status, hypoxia, and upregulated enzymes
characteristic of the TME.

The acidic extracellular pH (6.5–6.9) in tumors due to the Warburg effect can be used
to trigger drug release from pH-sensitive NPs, constructed by the introduction of ionizable
chemical groups (“titratable” groups, such as amines or carboxylic acids) in the NP structure
or by drug–NP conjugation through acid-labile linkers (e.g., ester, hydrazone), which are
stable at physiological pH (7.4) but release their cargo in the acidic TME, induced by extensive
protonation of the titratable group or hydrolysis of the linker, respectively [21,22,28,32–35].
The same strategy can be used for subcellular drug targeting to acidic organelles, namely
endosomes (pH 6.5–6.9) and lysosomes (pH 4.0–5.0), ensuring effective intracellular drug
concentrations [28,33].

By incorporating enzyme-labile linkages in the NP structure or in the conjugated drug,
NPs can be engineered to release the encapsulated drug on demand, using enzymes over-
expressed in the extracellular TME [21,22,24,32,36]. Proteinase substrates are commonly
used for fabricating NPs with enzyme-responsive linkers [21,22,26,28,32,33]. For instance,
NPs modified with short peptide substrates containing MMP-cleavable sequences release
their cargo after exposure to MMP-2 overexpressed at the tumor site [26,28,33].

The difference in redox potential between the oxidative extracellular space and the
reductive intracellular space, much richer in GSH, has been explored in the design of
redox-responsive NPs. Redox-sensitive NPs containing disulfide bonds are stable in the
bloodstream as well as in endocytic vesicles but release their cargo in the reductive TME
upon reduction of the disulfide linker by cytosolic GSH, which is overexpressed in cancer
cells [21,22,26,28,32,33]. ROS-responsive NPs able to respond to the altered oxidative mi-
croenvironment of tumor cells due to excessive ROS production have also been developed,
mainly using thioether-based oxidation-sensitive polymers that exhibit variation in solubil-
ity in response to ROS overproduction and ROS-induced degradation [26,28,32,37–39].

2.2.2. Exogenous Stimuli

Exogenous stimuli, such as temperature, magnetic field, light, ultrasound waves, and
electrical fields, have also been used to trigger drug release from NPs accumulated at the target
sites. Thermoresponsive NPs made from thermosensitive materials that exhibit a lower critical
solution temperature (LCST), such as poly(N-isopropylacrylamide) (PNIPAM), release their
cargo due to phase separation at temperatures above the LCST [21,22,28,32,33,40]. In drug
targeting of thermoresponsive NPs to cancer cells, hyperthermia can be used as trigger.
Magnetic NPs, such as iron oxide NPs, including Fe3O4 (magnetite), γ-Fe2O3 (maghemite),
and α-Fe2O3 (hematite) as well as superparamagnetic iron oxide nanoparticles (SPIONs),
release their cargo when placed under an oscillating magnetic field. The latter do not
retain magnetization upon its removal, which avoids NP aggregation in the absence of
the magnetic field [28,32,33,41]. The rise in temperature (40–44 ◦C) by the electromagnetic
waves (magnetic hyperthermia) can also be used to enhance drug efficacy [42].

Light-sensitive NPs are promising drug delivery systems (DDSs) for spatiotemporally
controlled release of drugs at target sites upon stimulation with ultraviolet (UV), visible, or
near-infrared (NIR) light, depending on the chromophore incorporated in the NP [21,22,32,43].
Photoactive agents are already used in phototherapy and optical imaging in clinical prac-
tice, including fluorescence imaging and fluorescence-guided surgery [44]. Ultrasound-
responsive NPs release their payloads under the influence of ultrasound waves, which
penetrate deeper into the body than light, and can induce drug release by both thermal
(hyperthermia) and mechanical effects (cavitating bubbles) [28,32,33,45,46]. Non-thermal
effects associated with oscillating or cavitating bubbles can disrupt the nanocarrier and con-
tribute to micropore formation in target cell membranes, enhancing membrane permeability
and passive diffusion with subsequent intracellular drug accumulation [28,32,33].

Drug release from electric-field-responsive NPs is triggered by an applied electric
field, which is easy to generate and control [21,22]. This type of NP can be constructed
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using conductive polymers, such as poly(pyrrole) (PPy), and their properties depend
on dopant selection and MW of the drug [47]. Biotin (an essential vitamin involved in
cellular carbohydrate, amino acid, and lipid metabolism) is often the dopant of choice,
and the biotin-doped polymer is reacted with streptavidin (with four biotin-binding sites)
with subsequent incorporation of a biotinylated drug. Electrical stimulation leads to the
reduction of the PPy backbone and triggers the release of the biotin and the attached
payload [47].

Among the numerous nanoparticulate drug delivery systems available, including
nanoliposomes, polymeric NPs, polymeric micelles, dendrimers, polymersomes, lipid NPs,
and inorganic NPs, polymeric micelles have emerged as promising platforms for targeted
and controlled delivery of anticancer agents, as discussed in the next section.

3. Structure and Preparation of Polymeric Micelles

Polymeric micelles (PMs) are spherical-shaped nanostructures with sizes typically
ranging from 10 to 100 nm, formed by spontaneous self-assembly of amphiphilic block
copolymers in an aqueous environment when the concentration reaches a critical value,
known as the critical micelle concentration (CMC) [21,22]. PMs have a unique core–shell
structure with the hydrophobic blocks forming an inner core surrounded by a shell of hy-
drophilic blocks creating a protecting layer (corona) at the micelle–water interface (Figure 3).
The hydrophobic effect is the main driving force for the self-assembly process, which lowers
the Gibbs energy of the system by removing the hydrophobic blocks from the aqueous
milieu [21,22].

Figure 3. Schematic representation of a polymeric micelle.

The size and stability (CMC) of PMs depend on the hydrophilic–lipophilic balance
(HLB) of the block copolymers and their MW [21,22]. The properties of the hydrophobic
block strongly influence drug-loading capacity, stability, and drug release behavior while the
properties of the hydrophilic block modulate the in vivo pharmacokinetic profile [1,21,22]. The
failure of NPs in clinical trials is often due to poor pharmacokinetic profile. Pharmacokinetic
parameters for some PMs that have completed or are still in clinical trials are presented
in Table 3.

3.1. Polymers Used for the Manufacturing of Polymeric Micelles

Both natural and synthetic polymers can be used in the construction of PMs. Despite
their good biocompatibility, biodegradability, and low immunogenicity, natural biopoly-
mers like chitosan, alginate, and hyaluronan are susceptible to chemical and enzymatic
degradation, have an associated risk of microbial contamination, may trigger allergic reac-
tions in susceptible individuals, and display limited batch-to-batch reproducibility [21,22].
On the other hand, synthetic polymers have predictable and controllable physicochem-
ical properties, which can be tailored by appropriate choice of monomer units, type of
polymerization reaction, formation of copolymers, as well as easy functionalization [21,22].
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Biocompatibility and biodegradability are key criteria for selection of hydrophobic
core-forming blocks. Poly(esters), like poly(D,L-lactic acid) (PDLLA), poly(lactic-co-glycolic
acid) (PLGA), and poly(ε-caprolactone) (PCL), and poly(amino acids), like poly(L-aspartic
acid) (pAsp) and poly(L-glutamic acid) (pGlu), are usually employed since they undergo
in vivo hydrolysis of their ester and amide bonds to yield the respective monomers, car-
boxylic acids and L-amino acids, which can be eliminated by natural metabolic path-
ways [21,22]. The poly(esters), namely FDA-approved PLGA and PDLLA, are usually
selected due to their good safety profile, since their biodegradation generates glycolic
and/or lactic acids, which are ultimately degraded to carbon dioxide and water via the
Krebs cycle [21,22]. The side chains in the residues of poly(amino acids) allow functional-
ization to further enhance hydrophobicity and loading ability or for covalent coupling of
the drug, leading to self-assembled block copolymer–drug conjugate micelles [21,22].

Non-biodegradable poly(ethers), like poly(propylene oxide) (PPO), can also be used,
namely in poloxamers (Pluronics®), which are amphiphilic triblock copolymers composed
of hydrophilic poly(ethylene oxide) (PEO) and hydrophobic PPO disposed in a PEO–
PPO–PEO arrangement [21,22]. These non-ionic copolymers are often used due to their
biocompatibility, intrinsic stealth effect, and commercial availability.

Among the available hydrophilic polymers, which include PEG, poly(vinyl alcohol)
(PVA), poly(vinylpyrrolidone) (PVP), poly(ethylene imine) (PEI), poly(2-methyl-2-oxazoline)
(PMeOx), poly(L-lysine) (PLL), and poly(2-hydroxyethyl methacrylate) (pHEMA), PEG is
usually the polymer of choice due to its good biocompatibility, favorable safety profile, and
ease of surface functionalization with appropriate ligands for targeted delivery to cancer cells
or specific organelles [1,22,48,49].

The use of stimuli-responsive polymers leads to “smart” PMs, which usually release their
cargo through micelle disassembly at the target site upon an endogenous or exogenous stimu-
lus. Poly(aminoethyl acrylamide) (PAEA) and poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA) are pH-sensitive hydrophilic polymers while PNIPAM is also a thermosensitive
polymer [21,22,24]. PNIPAM exhibits an LCST at 32 ◦C in aqueous media, corresponding
to a reversible phase transition from an expanded coil state (hydrophilic) below the LCST
to a collapsed globule state (hydrophobic) above the LCST through cooperative breaking of
hydrogen bonding between the amide group of the polymer and water [21,22].

3.2. Crosslinked Polymeric Micelles

Although amphiphilic copolymers exhibit very low CMC (10−6–10−7 mol/L) when
compared with low MW surfactants, extensive dilution after IV injection can lead to
micelle dissociation and drug leakage with potential systemic toxicity. Thus, micelles can
be crosslinked, either at the core or at the shell, to improve stability in the bloodstream
and control drug delivery at the target site [29,50]. Despite shell-crosslinking imparting
stabilization to PMs, it can also affect their hydrophilicity and stealth properties, therefore
core-crosslinking is preferable for micelle stabilization [29,50]. Additionally, hydrophobic
drugs physically encapsulated in the core-crosslinked polymeric micelles (CCPMs) can be
attached to the crosslinkers of the core.

Covalent core-crosslinking of PMs is performed after micelle formation and usually
requires side-chain- or end-group-functionalized block copolymers, employing radical
polymerization or addition of a bifunctional agent as a crosslinker for PMs containing
polymerizable groups (e.g., methacrylate) or reactive groups (e.g., carboxylic, amine),
respectively, within the core [29,50]. Alternatively, core-crosslinking can be achieved under
oxidative conditions through disulfide bridge formation if the PMs contain thiol groups,
and the resulting crosslinked micelles are stable in the bloodstream, which contains very
low levels of GSH (2–10 μmol/L compared with 0.5–10 mmol/L in the cytosol) [29,50].
These redox-responsive biodegradable micelles are cleaved and release their cargo in the
reductive intracellular microenvironment of cancer cells overexpressing GSH.
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Non-covalent core-crosslinking has also been attempted, and functionalization of the
hydrophobic copolymer with aromatic pendant groups (e.g., benzyl) increases micelle
stability via crosslinked π–π-stacking interactions, simultaneously enhancing the loading
of chemotherapeutic drugs containing aromatic rings, such as taxanes and anthracyclines
(e.g., NK911 and NC-6300, Table 2) [50]. Moreover, since π–π stacking is a pH-sensitive
force, these PMs constitute pH-responsive systems that release their payload in the acidic
TME. For transition metal complexes, like the platinum-based chemotherapeutic agents,
the drug itself can be used as a crosslinker, leading to core-crosslinked micelles through
polymer–metal complexation and allowing for drug release upon ligand exchange at the
target site (e.g., NC-6004 and NC-4016, Table 2) [50].

Core-crosslinking has been shown to improve in vivo stability, circulation time, and
biodistribution of PMs, resulting in higher accumulation at the target site [29,50]. However,
drug leakage may still occur, requiring drug attachment to the micellar core through
covalent (and reversible) bonding to ensure drug retention during circulation and enable
controlled and sustained release at the target site. The cocrosslinked prodrugs thus obtained
show significantly improved biodistribution and pharmacokinetic profiles (e.g., CricPec®

Docetaxel, Table 2) [50].

4. Polymeric Micelles for Cancer Chemotherapy

PMs have been extensively studied as smart DDSs for hydrophobic antitumor drugs
for targeted cancer chemotherapy [21,22] (Figure 4). PMs loaded with two or more
chemotherapeutic agents for targeted and controlled codelivery to cancer cells provide
synergistic effects, hinder MDR, and avoid the side effects and multiple injections required
in combination therapy regimens involving the free drugs [70–72]. Triolimus is a multidrug-
loaded PM containing three complementary anticancer agents: paclitaxel, a microtubule
stabilizer; rapamycin (sirolimus), the mammalian target of rapamycin (mTOR) inhibitor
and potent immunosuppressor; and tanespimycin, a prototypical inhibitor of the 90 kDa
heat shock protein (Hsp90) able to target compensatory pathways activated by mTOR
inhibition [73]. The formulation exhibited potent synergistic cytotoxic activity in vitro
against several human cancer cells lines [73] and in vivo in heterotopic and orthotopic
tumor xenograft models [74]. Triolimus was granted orphan drug designation by the FDA
for the treatment of angiosarcoma, in 2015 [75]. A similar formulation, obtained after
replacement of paclitaxel by docetaxel, showed synergistic antitumor effects in a genetic
mouse model of prostate cancer without inducing systemic toxicity [76].

Figure 4. Multifunctional drug-loaded polymeric micelles for targeting cancer.
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Moreover, multifunctional PMs loaded with both imaging and chemotherapeutic agents,
which allow simultaneous diagnosis and treatment, provide a promising theranostic platform
for personalized cancer therapy that maximizes drug specificity and efficacy [28,77]. Several
polymeric micellar formulations for the delivery of antitumor drugs or imaging agents are
under different stages of clinical development while others have already been approved
in several countries and are currently in the clinic. Information regarding the various
polymeric micellar formulations in clinical trials is summarized in Table 4 and will be
discussed in the following sections.

4.1. Taxane Micellar Formulations

Taxanes are natural diterpenoids isolated from yew with potent cytotoxic activity,
being among the most clinically used chemotherapeutic drugs despite their narrow ther-
apeutic window [78]. Paclitaxel (PTX), isolated from the bark of the Pacific yew tree
(Taxus brevifolia), is widely used in the treatment of breast, ovarian, esophageal, blad-
der, prostate, and cervical cancers, non-small cell lung carcinoma (NSCLC), head and
neck cancer, and melanoma and also as second-line treatment for Kaposi’s sarcoma [78].
PTX is a microtubule-stabilizing agent that binds to tubulin and inhibits microtubule dis-
assembly, inducing mitotic arrest and cell apoptosis [78]. PTX is poorly water-soluble
(0.3 μg/mL) [78,79], being conventionally formulated in a vehicle composed of a 50:50
(v/v) mixture of Cremophor® EL (polyethoxylated castor oil) and ethanol (Taxol®, Bristol-
Myers Squibb Co., Princeton, NJ, USA), which is diluted in normal saline or 5% dextrose
solution for IV administration [78,79]. However, the Taxol® formulation is commonly
associated with several AEs, such as myelosuppression, neutropenia, anemia, nephrotox-
icity, neurotoxicity (mainly peripheral neuropathy), and hypersensitivity reactions, the
latter attributed to the high concentration of Cremophor® EL (CrEL) surfactant required
to solubilize the drug [78,80]. Premedication with corticosteroids (e.g., dexamethasone)
and antihistamines, both H1 (e.g., diphenhydramine) and H2 receptor antagonists (e.g.,
cimetidine or ranitidine), is thus required to avoid the severe hypersensitivity reactions
due to systemic exposure to high CrEL amount [78]. Additionally, since CrEL can leach
plasticizers like di(2-ethylhexyl)phthalate (DEPH) from polyvinyl chloride (PVC) materials,
Taxol® administration requires PVC-free infusion systems (e.g., polyethylene-lined) with
in-line filtration due to the risk of drug precipitation upon dilution [78,80]

Docetaxel (DTX) is a second-generation taxane obtained by semi-synthesis from 10-
deacetyl baccatin III found in the needles of the European yew tree (Taxus baccata), being
more potent than PTX at inhibiting microtubule depolymerization [81]. Like PTX, DTX is a
microtubule-stabilizing agent approved in 2012 [82] and indicated as first-line chemother-
apy for breast cancer, NSCLC, prostate cancer, head and neck squamous cell carcinoma
(HNSCC), and stomach adenocarcinoma [83].

Due to poor water solubility (3 μg/mL) [81], DTX is solubilized using polysorbate
80 (Tween® 80) and ethanol as cosolvent in the conventional commercial formulation,
Taxotere® (Sanofi-Aventis, Bridgewater, NJ, USA). The presence of the surfactant has been
associated with AEs, including acute hypersensitivity and systemic immune reactions, hy-
potension, cutaneous reactions, fluid retention, and peripheral neuropathy [84]. Therefore,
Taxotere® administration requires premedication with oral corticosteroids [84].
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4.1.1. Genexol®-PM

Genexol®-PM, developed by Samyang Biopharmaceuticals Corporation (Seoul, South
Korea), is a polymeric micellar formulation of PTX made from a low-MW, non-toxic, and
biodegradable amphiphilic diblock copolymer composed of monomethoxy PEG (mPEG2k)
and PDLLA1.75k at a 60:40 weight ratio that self-assembles to form 25 nm NPs [79,85,86].
Genexol®-PM is free of CrEL, like Abraxane®, and a nanoparticle albumin-bound (nab)-
paclitaxel formulation (ABI-007, Abraxis BioScience, Los Angeles, CA, USA) [79], which
allows higher dose administration compared to Taxol® without requiring premedication to
prevent hypersensitivity reactions. Contrary to Abraxane®, Genexol®-PM does not contain
human serum albumin, which is associated with a theoretical risk of viral transmission [75]).
Moreover, Genexol®-PM, with a size around 25 nm, is able to penetrate tumor cells more
easily and faster than nab-paclitaxel (Abraxane®), with a size around 130 nm, through the
EPR effect.

Preclinical studies have shown that PTX biodistribution after administration of
Genexol®-PM displayed 2- to 3-fold higher levels in several tissues, including liver, spleen,
kidneys, lungs, heart, and tumor, as compared to Taxol®, with the highest PTX concentra-
tion found in the tumor [85]. The higher drug uptake and accumulation in tumor tissue are
the result of polymeric micellar PTX targeting tumor cells through the EPR effect [85]. De-
spite showing comparable in vitro cytotoxicity against different human cancer cell lines, the
in vivo antitumor efficacy of Genexol®-PM was significantly higher than that of Taxol® [85].
Genexol®-PM is also more effective than Taxol® as a radiosensitizer in chemoradiation ther-
apy of NSCLC in the preclinical setting, preferentially accumulating in tumors and leading
to lower PTX exposure of normal lung tissue than Taxol® [86]. Furthermore, Genexol®-PM
exhibited a controlled and sustained drug release profile, with 40% PTX release after 16 h
and 95% after 48 h, which can increase the synergistic effects of chemotherapy and radiation
therapy [86].

Unlike Taxol®, Genexol®-PM exhibits a linear pharmacokinetic profile, as observed in
patients with advanced malignancies [51] and solid tumors [52]. The plasma AUC0→∞ and
Cmax of Genexol®-PM in cancer patients revealed lower values than equivalent doses of
Taxol® [51], since PTX entrapment in circulating CrEL micelles inhibits the partition of PTX
from the vascular compartment to the tissues and results in non-linear pharmacokinetics
and narrow distribution [80,85,87].

A phase 1 study (NCT03008512) of Genexol®-PM in patients with advanced ma-
lignancies [51] showed that the MTD was 390 mg/m2, higher than that of Abraxane®

(300 mg/m2) [53], with neuropathy, myalgia, and neutropenia as the main dose-limiting
toxicities (DLTs) [51]. Furthermore, acute hypersensitivity reactions were not observed,
despite no premedication taken [51]. The recommended dose (RD) for phase 2 studies
was established as 300 mg/m2, higher than that of Taxol® (175 mg/m2) in similar 3-week
regimens [51]. At the phase 2 RD, Genexol®-PM was well tolerated and showed significant
antitumor activity when administered as monotherapy for metastatic breast cancer [88],
pancreatic cancer [89], and in combination with cisplatin for NSCLC [90], with an overall
response rate (ORR) of 58.5%, 6.7%, and 37.7%, respectively. In the case of pancreatic can-
cer patients (NCT00111904), median overall survival (OS) and disease control rate (DCR)
were improved when compared to gemcitabine monotherapy [89]. The most common
AEs included neutropenia, fatigue, infection, dehydration, neuropathy, and abdominal
pain [89]. A recent phase 1 study (NCT02739529) of weekly Genexol®-PM (100–120 mg/m2)
combined with carboplatin (5–6 AUC) every 3 weeks for gynecologic cancer (adult solid
tumor) showed an acceptable safety profile and an ORR of 72.2% [91].

Several phase 2 studies have demonstrated the efficacy and safety of Genexol®-PM in
patients with advanced malignancies, including metastatic breast cancer [88], NSCLC [90],
pancreatic cancer (NCT00111904) [89], and ovarian cancer (NCT01276548) [92]. Genexol®-
PM (230 mg/m2) in combination with gemcitabine (1000 mg/m2) as first-line treatment for
patients with advanced NSCLC (NCT01770795) demonstrated significant antitumor efficacy,
with an ORR of 46.5% [93]. This combination regimen had lower rates of myelotoxicity and
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emetogenicity in comparison with the platinum-based doublet regimen of Genexol®-PM
in NSCLC patients [90]. Weekly Genexol®-PM (100 mg/m2) combined with gemcitabine
(1000 mg/m2) for treatment of unresectable or metastatic biliary tract cancer revealed
an ORR of 25.6% and a DCR of 71.8%, without severe side effects [94]. Genexol®-PM
(230 mg/m2) in combination with cisplatin (70 mg/m2) was highly effective and tolerable
as first-line palliative chemotherapy of unresectable thymic epithelial tumors [95]. The ORR
was 62.5% with rates of 70% for thymic carcinoma and 46% for advanced thymoma [95].
On the other hand, in locally advanced HNSCC, induction therapy with Genexol®-PM
(230 mg/m2) and cisplatin (60 mg/m2) (NCT01689194) exhibited modest tumor response
compared with the most effective regimen of DTX, cisplatin, and 5-fluorouracil, although
with a more favorable toxicity profile and promising 3-year progression-free survival (PFS)
(54.3%) and OS (71.3%) rates [96].

Genexol®-PM (240–300 mg/m2) as second-line chemotherapy in patients with ad-
vanced urothelial cancer after gemcitabine–cisplatin failure (NCT01426126) showed an
ORR of 21% and a DCR of 65% [97]. These efficacy results were superior to second-line
Taxol® after prior platinum-containing regimens and compared favorably with those of
Abraxane® [97,98]. Moreover, Genexol®-PM monotherapy or in combination regimens
allowed administration of higher PTX doses when compared with a conventional CrEL-
based formulation (Genexol®), with lower incidence and severity of AEs, as observed in
NSCLC [90,99], ovarian cancer [92,100], and urothelial cancer [97] patients. In a phase 3
study (NCT00876486) comparing the efficacy and safety of Genexol®-PM (260 mg/m2)
with Genexol® (175 mg/m2) for recurrent or metastatic HER2-negative breast cancer,
Genexol®-PM demonstrated superior clinical efficacy and a manageable safety profile,
with an ORR of 39.1% compared with 24.3% for the conventional PTX formulation [101].
A recently completed prospective cohort study (NCT05300828) to evaluate the safety pro-
file of Genexol®-PM (280 mg/m2) plus carboplatin (AUC 5) as adjuvant therapy after
cytoreductive surgery for newly diagnosed ovarian cancer patients showed that high-dose
Genexol®-PM improved PFS compared to standard treatment (PTX 175 mg/m2 plus car-
boplatin AUC 5) and was as effective as addition of bevacizumab (15 mg/kg) to standard
therapy, particularly in patients with stages III–IV high-grade serous carcinoma of the
ovary who underwent optimal debulking surgery [102].

Genexol®-PM was the first polymeric micellar product in the market [83], being
introduced in South Korea in 2007 as first-line therapy for breast cancer [92] and NSCLC
(in combination with cisplatin) [90], and more recently approved as first line therapy for
ovarian cancer [92] in combination with other chemotherapeutic agents [83]. Genexol®-PM
is also sold in India, Vietnam, the Philippines, and Indonesia, being commercialized as
Paxus™ in some Asian countries [83] while in the US and several countries of the European
Union it is licensed under the name Cynviloq™ [83].

Preliminary pharmacokinetic data from the TRIBECA study (NCT02064829), a phase
3 clinical trial aiming at establishing bioequivalence between Cynviloq™ and Abraxane®,
at 260 mg/m2, for patients with metastatic or locally recurrent breast cancer, supported
potential for bioequivalence between the two formulations [75].

4.1.2. Zisheng®

Zisheng® (PM-Pac or PM-PTX) is another nanoparticle polymeric micellar PTX for-
mulation for injection, also made from mPEG-b-PDDLA, independently developed by
Shanghai Yizhong Pharmaceutical Co., Ltd. (Shanghai, China), and the first approved
PTX-loaded PM in China [3]. Similarly to Genexol®-PM, Zisheng® is CrEL-free and does
not require premedication to prevent hypersensitivity reactions nor special non-PVC in-
fusion systems or in-line filtration for administration, unlike a conventional CrEL-based
formulation (Taxol®). The innovative PM-PTX dosage form showed improved efficacy and
safety compared to a solvent-based (SB) PTX formulation (SB-PTX), both in vitro [103] and
in vivo [103].
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PM-PTX-induced apoptosis and cell viability inhibition in human NSCLC cell lines
A549 and H226 in vitro was higher than that of SB-PTX [103]. In BALB/c nude mice, PM-
PTX showed significantly enhanced tumor growth inhibition efficacy in the A549-derived
xenograft tumor model when compared with SB-PTX at the same PTX dosage [103]. Ac-
cording to biodistribution studies, the ratios of PTX concentrations in major organ tissue to
plasma concentrations were significantly higher in the PM-PTX group [55,103]. PM-PTX,
with a size around 20 nm, passively targets tumor cells through the EPR effect and signifi-
cantly reduces the retention time of PTX in the bloodstream, thus improving drug uptake
and accumulation in tumor tissues [55,103]. Toxicity assessment and histopathological
studies in healthy rats demonstrated that PM-PTX, at a 2–3-fold greater dosage than SB-
PTX, significantly reduced the incidences of peripheral neuropathy, brain injury and liver
damage, in terms of both short-term and long-term toxicity, but could induce potential
male genital system toxicity (testicular and prostate atrophy) [103].

In a phase 1 study, patients with advanced solid malignancies (n = 18) received PM-
PTX IV over 3 h, every 3 weeks, at escalating doses from 175 mg/m2 (level 1) to 435 mg/m2

(level 5), without acute hypersensitive reactions [55]. The ORR was 33.3% (including three
patients with prior exposure to PTX chemotherapy), comparable with ORR for nab-PTX
(Abraxane®) plus carboplatin (33%) [104] and for Genexol®-PM plus cisplatin (38%) [90] as
first-line doublet regimens. All the patients treated with 435 mg/m2 PM-PTX developed
DLT grade 4 neutropenia as well as one patient treated with a 300 mg/m2 dose (level 3). The
incidence of neutropenia and peripheral sensory neuropathy became increasingly severe as
the dose increased from 300 to 435 mg/m2. Thus, the MTD of PM-PTX was determined as
390 mg/m2 (level 4) while the recommended phase 2 dose was 300 mg/m2 [55], similarly
to Genexol®-PM [51]. The formulation exhibited a linear pharmacokinetic profile, with the
peak concentration and AUC values of PTX increasing with dosage [55], and a relatively
longer half-life compared to Genexol®-PM [51] (Table 3).

A phase 3 study (NCT02667743) comparing the efficacy and safety between PM-PTX
(230–300 mg/m2) plus cisplatin (70 mg/m2) and conventional SB-PTX (175 mg/m2) plus
cisplatin (70 mg/m2) as first-line therapy for advanced NSCLC showed an improved ORR
for the PM-PTX formulation (50% versus 26% for SB-PTX), observed in both squamous (59%
versus 37%) and non-squamous (44% versus 19%) histological types, with significantly
lower incidence of serious AEs [105]. Furthermore, the study provided clinical evidence
that PM-PTX administration prolonged PFS and also OS with a favorable safety profile
in NSCLC patients without pleural metastasis when compared with conventional SB
formulation (SB-PTX) [106].

A recent retrospective study evaluating the efficacy and safety of PM-PTX (360 mg/m2)
in combination with 5-fluorouracil (750 mg/m2) and leucovorin (200 mg/m2) as systemic
chemotherapy for advanced gastric cancer demonstrated that the ORR was significantly
higher than that of the conventional PTX (210 mg/m2) group (31% versus 10%), with
lower incidence of anemia, leukopenia, liver dysfunction, nausea, vomiting, diarrhea, and
allergy [107].

Several clinical trials of PM-PTX are currently ongoing or planned, either as monother-
apy or in combination regimens for the treatment of solid tumors, including a phase 3
study (NCT06143553) evaluating PM-PTX for HER2-negative metastatic breast cancer in
comparison with nab-PTX (Table 4).

4.1.3. Nanoxel®

Nanoxel® is another CrEL-free PTX polymeric micellar formulation developed in
India by Dabur Pharma, Ltd., Ghaziabad, Uttar Pradesh, India (later integrated into
Fresenius Kabi Oncology Ltd., Himachal Pradesh, India), marketed in the country since
2006 [108] for metastatic breast cancer chemotherapy and later approved for the treatment
of ovarian cancer, NSCLC, and AIDS-related Kaposi’s sarcoma [78]. The pH-sensitive PMs
are composed of amphiphilic PVP-b-PNIPAM block copolymers [109]. The nanomicelles,
with sizes in the range 80–100 nm, are stable at physiological pH (7.4) but in the acidic
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conditions of the TME, surface erosion of PNIPAM slowly releases PTX [109]. Due to
their small sizes, the NPs passively target tumor cells by the EPR effect and selectively
accumulate in the tumor, thus sparing normal tissue [110]. Contrary to Genexol®-PM and
Abraxane®, which are lyophilized products that can be kept at room temperature, Nanoxel®

is a liquid formulation that requires storage at 2–8 ◦C [78].
Transmission electron microscopy (TEM) studies revealed that Nanoxel® uptake in

different human cancer cell lines, including NSCLC (A549), breast cancer (HBL-100), and
ovarian cancer (PA-1) cells, is mediated by endocytosis, followed by intracellular drug
release in the acidic endolysosomal compartment [110]. The intracellular drug uptake
in Nanoxel® was comparable to Abraxane® and superior to a conventional CrEL-based
PTX formulation (Intaxel®, Fresenius Kabi Oncology Ltd., Himachal Pradesh, India) in all
the human cell lines tested, demonstrating the higher in vitro efficiency of the NP-based
formulations for drug delivery to target cells [110].

A phase 1 dose escalation study evaluating a 3-weekly regimen of Nanoxel®

(135–375 mg/m2, administered as a 1 h infusion without premedication), for up to six
cycles, in 23 patients with refractory or metastatic solid tumors showed that the formulation
was well tolerated at a dose of 300 mg/m2, higher than that of conventional PTX, with no
incidence of hypersensitivity reactions, febrile neutropenia, or neuropathies above grade
1 [56]. The MTD was determined at 375 mg/m2. Nanoxel® showed a linear pharmacoki-
netic profile and promising antitumoral activity in advanced breast cancer, with 50% of
cases of heavily pretreated breast cancer showing objective responses [56].

A subsequent phase 2, open-label study showed an ORR of 40% each in patients with
advanced or metastatic breast cancer (after failure of anthracycline chemotherapy) that
received Nanoxel® (300 mg/m2 or 220 mg/m2) every 3 weeks for six cycles compared to
31% in patients treated with SB-PTX (Taxol®, 175 mg/m2) [111]. Neutropenia incidence
was lowest in the Nanoxel® 220 mg/m2 arm (39.4% versus 50% in the Taxol® arm) but
at the highest Naxoxel® dosage (300 mg/m2), it was superior to Taxol® (56.3%) [111].
Grade 3 sensory neuropathy occurred in 12.5% of patients receiving 300 mg/m2 Nanoxel®

compared with 1.5% and 6.3% of patients on Nanoxel® 200 mg/m2 and Taxol®, respec-
tively. Hypersensitivity reactions were not observed with Nanoxel® despite the absence of
premedication [111].

A retrospective study in a single hospital practice in India showed that in 84 cancer
patients treated with Nanoxel® there were no infusion reactions for a total of 596 infu-
sions while other AEs, like hematological and gastrointestinal side effects, were similar to
conventional PTX [108]. Neutropenia was more frequent in the Nanoxel®-treated group
(22.68% versus 9.8%) while nausea (2.58% versus 9.8%) and vomiting (9.79% versus 21.57%)
were more common in the conventional PTX group. The same study compared the OS
between Nanoxel® (n = 23) and conventional PTX (n = 28), in combination with a plat-
inum agent, for the treatment of gastroesophageal cancer. The OS was 22 months for the
Nanoxel® group and 12 months for the conventional PTX group, but the difference was
not statistically significant [108]. The 3-week cycle with Nanoxel® was cost-effective when
compared with conventional SB-PTX (at the same dosage and schedule regimen) regarding
drug administration, necessity for premedication, and incidence and severity of AEs [108].

A more recent single center retrospective analysis suggested that a Nanoxel®–gemcitabine
regimen was effective in advanced pancreatic cancer patients (n = 78) in routine clinical
practice, with efficacy and toxicity similar to that of Abraxane®–gemcitabine at the same
dosage (125 mg/m2 of Abraxane® or Nanoxel® followed by 1000 mg/m2 gemcitabine
infusion on days 1, 8, and 15, every four weeks) [112]. Another longitudinal observational
pharmacovigilance study conducted in a medical oncology ward in India over 18 months
demonstrated that the adverse drug reaction profile of Nanoxel® (n = 10) was statisti-
cally comparable to conventional PTX (n = 10) but suggested a better tolerability since
a significantly higher dose (330 mg/m2 versus 260 mg/m2) was employed [113]. Com-
mon AEs included myalgia, nausea, anemia, paresthesia, alopecia, diarrhea, and vomiting
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while hypersensitivity reactions were not observed despite no premedication in the case of
Nanoxel® [113].

4.1.4. Nanoxel®-M

Nanoxel®-M is a DTX polymeric micellar formulation developed by Samyang Biophar-
maceutics Corporation (Seoul, South Korea) using the same amphiphilic diblock copolymer,
mPEG-b-PDLLA, of their PTX micellar formulation, Genexol®-PM [81,83], similarly devoid
of surfactant to prevent side effects commonly associated with Tween® 80 used to solubilize
DTX in the conventional formulation Taxotere® that requires corticosteroid premedication.

In vitro cytotoxicity studies of Nanoxel®-PM in different human cancer cell lines,
including H-460 (NSCLC), MCF-7 (breast cancer), and SKOV-3 (ovarian cancer), showed
IC50 values comparable to the ones obtained for Taxotere® (2.33 versus 4.66 ng/mL in H-460
cells, 1.73 versus 1.83 in MCF-7 cells, and 2.19 versus 3.25 ng/mL in SKOV-3 cells) [81]. In
nude mice bearing human lung cancer (H-460) xenografts, IV administration of Nanoxel®-
PM (13 mg/kg on days 0, 1, and 2) significantly delayed tumor growth and reduced
tumor volume, showing comparable antitumor efficacy to Taxotere® [81]. The dose of
Nanoxel®-PM chosen, 13 mg/kg, corresponded to 117 mg/m2/cycle, close to the highest
recommended single-agent dose of Taxotere® (100 mg/m2) in humans [81].

Pharmacokinetic studies in mice, rats, and beagle dogs revealed similar pharma-
cokinetic profiles between Nanoxel®-PM and Taxotere®. Moreover, the relative magni-
tudes of AUC0→∞ and Cmax of Nanoxel®-PM compared to those of Taxotere® were within
100% ± 20%, demonstrating bioequivalence [81]. The similarity in the pharmacokinetic
profile of both formulations was attributed to DTX release from the micelles to bind albumin
plasma protein after IV administration [81].

However, Nanoxel®-M enhanced collagen-induced (but not thrombin-induced) rat
platelet aggregation in vitro while Taxotere® inhibited it, suggesting that the micellar
formulation altered the toxicological profile of DTX [114]. Toxicity studies showed that a
single IV infusion (30 min) of Nanoxel®-PM or Taxotere® to rats or three daily IV (bolus)
administrations to mice at low (10 mg/kg), intermediate (13 mg/kg), and high (15 mg/kg)
doses produced no significant differences in body weight changes or white blood cell (WBC)
counts between the two treated groups at all tested doses [81]. A dose-escalating single IV
toxicity study of Nanoxel®-PM in beagle dogs with three ascending doses (0.25, 0.50, and
0.75 mg/kg) did not detect any hypersensitivity reactions or fluid retention, contrary to
Taxotere® administration, which was accompanied by severe anaphylactic-type reactions
(e.g., erythema, facial swelling, and dyspnea) at all dose levels despite premedication
with dexamethasone [81]. Furthermore, plasma histamine levels were related to the onset
and duration of hypersensitivity reactions in the Taxotere® group, which showed a much
higher peak level compared with Nanoxel®-PM (75–132 ng/mL versus 0.4–2.2 ng/mL). The
infusion reactions to Taxotere® were attributed to the presence of Tween® 80 and suggest
an improved safety profile for the surfactant-free Nanoxel®-PM formulation.

A multicenter trial to evaluate the safety and toxicity of Nanoxel®-M as adjuvant
therapy, alone or in combination with cyclophosphamide, after surgery for early breast
cancer in Korean patients (n = 55) showed that the micellar formulation reduced the
incidence of taxane-induced peripheral neuropathy and thrombocytopenia compared with
Taxotere® without vehicle-associated hypersensitivity reactions [115]. The most common
side effects were grade 3/4 neutropenia (61.8%) followed by febrile neutropenia (4.5%) and
mucositis (1.4%) [115].

A phase 2 multicenter study of Nanoxel®-PM and trastuzumab-pkrb (biosimilar to
trastuzumab, a mAb against HER2) combination therapy in HER2-positive advanced sali-
vary duct carcinoma demonstrated promising antitumor activity with a manageable toxicity
profile [116]. Patients (n = 43) treated with Nanoxel®-PM (75 mg/m2) and trastuzumab-
pkrb (8 mg/kg in the first cycle and 6 mg/kg in subsequent cycles) every 3 weeks
showed an ORR of 69.8%, DCR of 93.0%, median PFS of 7.9 months, and median OS
of 23.3 months [116]. The most common treatment-related AEs were peripheral edema,
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myalgia, stomatitis, and alopecia while grade 3/4 AEs included neutropenia, febrile neu-
tropenia, anemia, and decreased left ventricular ejection fraction, the latter related to
trastuzumab-pkrb [116].

A multicenter, prospective observational study (NCT04066335) is currently ongoing to
evaluate the safety of Nanoxel®-M injection in patients with breast cancer, NSCLC, and
prostate, ovarian, head and neck, gastric, or esophageal cancers.

4.1.5. NK105

NK105 is another freeze-dried PTX polymeric micellar formulation developed by
NanoCarrier Co., Ltd. (Chiba, Japan) and licensed to Nippon Kayaku Co., Ltd. (Tokyo,
Japan), composed of the amphiphilic block copolymers PEG and poly(aspartate), the
latter modified by esterification with 4-phenyl-1-butanol to increase hydrophobicity of the
core [117]. The PMs, with a size around 85 nm, allowed high drug loading (23% w/w PTX)
through passive entrapment of the drug in the micellar core via hydrophobic interactions
and provided effective drug retention following IV administration [117].

A preclinical pharmacokinetic study on colon 26 tumor-bearing CDF1 mice found
that the plasma and tumor AUC values were around 90- and 25-fold higher, respectively,
for NK105 than for free PTX after a single IV injection (100 mg/kg) of the drugs, due to
prolonged circulation in the bloodstream and the EPR effect associated with the micellar
formulation [117]. Moreover, at 72 h after the IV injection, the tumor PTX concentration
was above 10 μg/g in the NK105 group but less than 0.1 μg/g in the free PTX group.

Although NK105 and conventional PTX formulation showed equivalent cytotoxic
activity in vitro, exhibiting similar dose–response curves and IC50 values on several human
cancer cell lines derived from lung, gastric, esophagus, colon, breast, and ovarian tumors,
NK105 showed improved in vivo antitumor efficacy in nude mice bearing human colorectal
cancer (CRC) HT-29 xenografts due to enhanced tumor exposure via the EPR effect and
sustained release from the micellar NPs [117]. Furthermore, repeated administration
of NK105 to rats at 7-day intervals showed attenuated peripheral neurotoxicity when
compared with free PTX [117], which was attributed to NK105 exclusion from the rat
dorsal root ganglion (DRG) due to particle size (around 85 nm), while albumin-bound
PTX particles of around 8 nm formed after injection of SB-PTX formulation can extravasate
into DRG parenchyma, consistent with subsequent pharmacokinetic and histopathological
studies [118].

NK105 (45 mg/kg single IV injection) was also a more potent radiosensitizing agent
compared to free PTX at the same dosage in Lewis-lung-carcinoma-bearing mice due to
more severe cell cycle arrest at the G2/M phase induced by NK105 [119]. Histopathological
examination of the mice lung sections revealed inflammatory cell infiltration, the presence
of intra-alveolar macrophages, and destruction of the alveolar architecture, which were
due to thoracic radiation and not to NK105 accumulation in the lung [119].

A phase 1 and pharmacokinetic study of NK105 (10–180 mg/m2), administered to can-
cer patients (n = 19) as a 1 h IV infusion, every 3 weeks, without antiallergic premedication
showed that NK105 was well tolerated, and the RD for the phase 2 study was established
as 150 mg/m2 every 3 weeks [57]. The DLTs included grade 4 neutropenia and grade 3
fever at the 180 mg/m2 dose, which was designated as the MTD. NK105 exhibited a linear
pharmacokinetic profile and its plasma AUC at 150 mg/m2 was nearly 15-fold higher
compared with that of the conventional PTX formulation at 210 mg/m2 (conventional
dose for a 3-week regimen in Japanese patients), consistent with the stability of the micelle
formulation in plasma [57].

A phase 2 study to evaluate the efficacy and safety of NK105 (150 mg/m2 IV infusion
for 30 min every 3 weeks) in patients with advanced or recurrent gastric cancer (n = 57)
after the failure of first-line chemotherapy showed modest antitumor activity, with an
ORR of 25% and median PFS and OS of 3.0 and 14.4 months, respectively [120]. The
most common AEs were alopecia, peripheral neuropathy, fatigue, myalgia, anorexia, rash,
arthralgia, stomatitis, diarrhea, and nausea. Grade 4 toxicities included neutropenia (64.9%),
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leukocytopenia (17.5%), anemia (12.3%), lymphopenia (8.8%), and peripheral neuropathy
(1.8%) but no grade 3/4 hypersensitive reactions were observed [120].

However, a phase 3 clinical trial (NCT01644890) comparing NK105 (65 mg/m2 on days
1, 8, and 15 of a 28-day cycle) and PTX (80 mg/m2, same schedule) in metastatic or recurrent
breast cancer (n = 436) missed its primary endpoint (PFS with a non-inferiority margin
of 1.215) [121]. The micellar formulation provided an ORR of 31.6% and median OS of
31.2 months compared with 39.0% and 36.3 months for PTX, respectively, although NK105
exhibited a more favorable toxicity profile, with lower incidence of grade 3/4 peripheral
sensory neuropathy (1.4% versus 7.5% for PTX) [121].

Another phase 1 study to determine the RD of weekly administered NK105
(50–100 mg/m2 IV infusion over 30 min) for 3 consecutive weeks in each 4-week cycle in
patients with solid tumors (n = 16) found DLTs at 100 mg/m2 due to neutropenia and the
RD was established as 80 mg/m2 [58]. In the subsequent exploratory dose-expansion phase,
six out of ten patients treated with weekly NK105 at the RD achieved partial response
and four reached stable disease status [58]. Neutropenia of grade ≥ 3 occurred in eight
patients, requiring dose reduction or dose delay. On the other hand, non-hematological
events, namely peripheral sensory neuropathy, were mostly grade 1, and no hypersensitiv-
ity reactions were observed. Based on these results, an initial NK105 dose of 65 mg/m2,
lower than the RD (80 mg/m2) determined in the dose-escalation phase, was selected for
the ensuing phase 3 study.

A phase 2 study comparing NK105 and PTX in advanced or recurrent breast cancer
(n = 123), with both drugs being intravenously administered at 80 mg/m2 on days 1, 8,
and 15 of a 28-day cycle, revealed no significant difference in ORR, median PFS, and OS
between the two groups [122]. The incidence of hematologic AEs was higher in the NK105
group, namely neutropenia (79.0% versus 55.7%), with several patients requiring treatment
with granulocyte-colony-stimulating factor (G-CSF). However, the incidence of peripheral
sensory neuropathy was lower in the NK105 group (64.5% versus 82.0%) with no grade
3/4 non-hematologic events [122].

A recent systematic review and meta-analysis comparing the efficacy and peripheral
neuropathy of SB-PTX with NK105 monochemotherapy revealed no significant differences
between the incidence of all-grade peripheral neuropathy among both groups [123]. How-
ever, the incidence of high-grade peripheral neuropathy was lower in the NK105 group,
which also showed longer OS in cancer patients [123].

4.1.6. CriPec® Docetaxel

CriPec® Docetaxel (CPC634), developed by Cristal Therapeutics (Maastricht, Nether-
lands), is a DTX-incorporating core-crosslinked PM with 65 nm size composed of mPEG5k
and thermosensitive N-(2-hydroxypropyl)methacrylamide-oligolactate block copolymers
(mPEG5k-b-pHPMA-Lacn) based on CriPec® technology, with DTX covalently bound to the
crosslinked core through a hydrolyzable ester linker [124].

The CriPec® platform (Cristal Therapeutics, Netherlands) is based on amphiphilic
block copolymers made of hydrophilic mPEG and thermosensitive N-(2-hydroxypropyl)
methacrylamide (HPMA) derivatized with lactate side chains, designed to covalently entrap
active pharmaceutical ingredients in CCPMs upon self-assembly [124]. Partial esterification
of the lactate side chains of the hydrophobic segment with methacrylic acid allows covalent
crosslinking of the hydrophobic blocks forming the micellar core by free radical poly-
merization, resulting in improved micelle stability and avoiding premature drug leakage.
Furthermore, covalent attachment of the drug to the micellar core by free radical polymer-
ization upon drug functionalization by covalent conjugation with a biodegradable linker
containing a polymerizable moiety allows control of the site and rate of drug release by
appropriate choice of the linker and enables higher encapsulation efficiency compared with
physical loading [124]. The reactive block copolymers and the drug-linkers self-assemble
into a micellar structure with the drug physically encapsulated in the micellar core, and the
hydrophobic core-forming block copolymers and drug-linker are cocrosslinked by free rad-
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ical polymerization, forming a 3D network [124]. Tunable size, within the range 35–100 nm,
is dependent on the MW of the block copolymers [124]. The stealth effect of the hydrophilic
dense PEG shell provides prolonged circulation while core-crosslinking, by preventing
the reorganization of micelles, further contributes to reducing the interaction with plasma
proteins. Neglectable protein corona was observed for CPC634 when incubated in human
blood plasma [125].

CPC634 is manufactured as an aqueous dispersion stable for at least 5 years when stored
at −80 ◦C to prevent premature drug release and hydrolysis of the core-crosslinks [124]. To
overcome cold chain supply problems, a lyophilization methodology using trehalose as a
cryoprotectant yielded a stable CPC634 freeze-dried cake with a moisture content lower
than 0.1 wt% [126]. The trehalose-cryoprotected CPC634 could be reconstituted in less than
5 min at room temperature, with size, morphology, drug retention, and release kinetics
identical to those of the non-freeze-dried formulation, and the methodology is readily
translatable to large-scale manufacturing [126].

The covalent conjugation of DTX to the crosslinked core of CPC634 micelles allowed
for in vitro sustained drug release under physiological conditions (PBS pH 7.4, 37 ◦C) upon
hydrolysis of the ester linker and followed first-order kinetics [127]. A similar in vitro drug
release profile was also observed in whole human blood at 37 ◦C, corroborating that DTX
release from CPC634 is driven by chemical hydrolysis, since the crosslinked micellar core
prevents enzyme access [127].

In mice bearing human breast (MDA-MB-231) tumor xenografts, administration of
CPC634 (30 or 60 mg/kg single injection in tail vein) showed superior therapeutic ef-
ficacy compared to the marketed DTX formulation (Taxotere®) at the same dose [127].
Furthermore, a single IV injection of CPC634 at 125 mg/kg was enough to achieve com-
plete regression of both small (150 mm3) and established (550 mm3) tumors, resulting in
100% survival of the animals. The potent antitumor effects of the nanoformulation were
attributed to enhanced tumor accumulation and antistromal activity [127]. CPC634 also
displayed better tolerability in healthy rats compared to Taxotere® [127].

A study of empty CPC634 CCPMs decorated with the cyclic RGD (cRGD) peptide
targeting αvβ3 integrins has also been performed, showing higher in vitro uptake in cell
lines expressing high levels of αvβ3 (e.g., A431 epidermoid carcinoma cells) [128]. In these
cells, the cRGD-CPPMs were more efficiently internalized than the non-functionalized
CPPMs (control), being found in the perinuclear region while peptide-free CCPMs colocal-
ized with endosomes/lysosomes [128]. The uptake of cRGD-CCPM was not proportional
to the increase in cRGD decoration, suggesting that relatively low decoration densities
(1 mol% cRGD) may be enough for CCPM targeting and uptake in vivo without affecting
their pharmacokinetic and biodistribution profiles [128].

A first-in-human phase 1, dose-escalation, and pharmacokinetic study (NCT02442531,
NAPOLY trial) of CPC634 in patients with advanced solid tumors (n = 33) receiving
CPC634 intravenously every 3 weeks (15–100 mg/m2), every 2 weeks (45 mg/m2) or every
3 weeks (60 mg/m2) with dexamethasone premedication showed that cumulative skin
toxicity at doses ≥ 60 mg/m2 was the main DLT, which was absent in the corticosteroid-
pretreated group [59]. Thus, the recommended phase 2 dose was determined at 60 mg/m2

every 3 weeks with dexamethasone premedication. The formulation exhibited a dose-
proportional pharmacokinetic profile with prolonged systemic exposure to DTX, in accor-
dance with preclinical studies [59]. The development and validation of a bioanalytical
method for the determination of both total and released DTX from CPC634 in human
plasma and tumor tissue using sensitive and selective liquid chromatography–tandem
mass spectroscopy (LC-MS/MS) were successfully applied in the pharmacokinetic analysis
of serum and tissue samples from cancer patients treated with CPC634 [129].

A two-arm pharmacokinetic study (CriTax study) in patients with solid tumors (n = 24)
randomized to receive CPC634 (75 mg/m2, 1 h IV infusion) in cycle 1 and conventional DTX
(75 mg/m2, 1-h IV infusion) in cycle 2 (arm A) or vice versa (arm B) revealed that the plasma
AUC was 27% higher for CPC634-released DTX while Cmax was 91% lower compared
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with conventional DTX, which contributed to a lower incidence of neutropenia during
CPC634 treatment [60]. Tumor biopsies showed that CPC634 administration enhanced
the intratumoral DTX exposure, resulting in 4.6-fold higher total DTX concentration in
the metastatic lesions compared with conventional DTX but comparable released DTX
concentration [60].

Additionally, CPC634 administration resulted in a 3.7-fold higher total skin DTX
concentration compared with conventional DTX while the released DTX concentrations
were not statistically different [130]. Histopathological examination of skin biopsies taken
at baseline and at day 8 of both cycles revealed increased apoptosis and micronucleation
after treatment with either CPC634 or conventional DTX, which could induce inflammatory
reactions leading to skin toxicity, often associated with DTX treatment [130].

A phase 2 study (NCT03742713, CINOVA trial) of CPC634 in 24 patients with platinum-
resistant recurrent ovarian cancer showed disappointing clinical activity of the formula-
tion [131]. None of the patients had an objective response, and the trial was prematurely
stopped due to futility [131]. The most common AEs were mainly gastrointestinal (96%)
but also fatigue (44%), dyspnea (40%), and infections (40%) [131].

A first-in-human imaging study (NCT03712423, PICCOLO trial) with zirconium-89-
radiolabeled CPC634 was performed to enable visualization and quantification of NP
accumulation in human solid tumors [132]. In seven patients with solid tumors adminis-
tered 89Zr-CPC634 at a high therapeutic dose (60 mg/m2 DTX) or a low diagnostic dose
(1–2 mg DTX), positron emission tomography–computed tomography (PET/CT) imaging
showed accumulation in 46% and 41% of tumor lesions, respectively, and pharmacokinetic
mean half-life of 97.0 ± 14.4 h for the therapeutic dose and 62.4 ± 12.9 h for the diagnostic
dose [132]. Thus, PET/CT imaging with a diagnostic dose of 89Zr-CPC634 accurately
reflects tumor accumulation of the therapeutic dose without causing any AEs, showing
potential for patient stratification in clinical practice [132].

4.2. Irinotecan-Based Micelle Formulations

Irinotecan (CPT-11) is a water-soluble semi-synthetic derivative of the natural alkaloid
camptothecin isolated from the bark and stem of the Chinese tree Camptotheca acuminata,
which is frequently used in the chemotherapy of advanced or metastatic CRC [133]. In vivo,
the CPT-11 prodrug is hydrolyzed by carboxylesterases into the pharmacologically active
metabolite 7-ethyl-10-hydroxycamptothecin (SN-38), which is metabolized in the liver into
the inactive glucuronide by hepatic uridine 5’-diphosphoglucuronosyl transferase 1A1
(UGT1A1) and 1A7 isomorphs (UGT1A7) and mainly excreted in the bile [133]. In the
intestine, SN-38G suffers deglucuronidation by bacterial β-glucuronidases, regenerating
SN-38, which can be reabsorbed, resulting in the enterohepatic recirculation of SN-38.
Late-onset diarrhea experienced by a vast majority of cancer patients on irinotecan-based
chemotherapy has been attributed to intestinal overexposure to SN-38, the major active
metabolite of irinotecan [133]. Additionally, polymorphisms of the UGT1A1 gene (e.g.,
UGT1A1*6 and UGT1A1*28), have been associated with a higher risk of severe neutropenia
and irinotecan-induced delayed diarrhea [134].

SN-38, like camptothecin and its derivatives, is an inhibitor of DNA topoisomerase I
(Top1), a nuclear enzyme involved in DNA replication and transcription highly expressed
in cancer tissues, forming a stable drug–enzyme–DNA ternary complex that hinders DNA
replication, ultimately resulting in apoptosis and cell death [133]. Contrary to CPT-11,
SN-38 is poorly water-soluble (<5 μg/mL) and unstable at pH > 6 due to spontaneous and
reversible hydrolysis of its lactone ring to the inactive carboxylate open-ring form [133].

NK012

NK012, developed by NanoCarrier Co., Ltd. (Chiba, Japan) and licensed to Nippon
Kayaku, Co., Ltd. (Tokyo, Japan), is a freeze-dried polymeric micellar formulation of
SN-38, the pharmacologically active metabolite of CPT-11. NK012 micelles, with a 20
nm diameter, are prepared by self-assembly of amphiphilic diblock copolymers made of
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PEG12k and p(Glu)7k bearing 20% (w/w) SN-38 covalently attached to the carboxylate
groups of the hydrophobic amino acid segment by ester bonds [133,135]. Unlike CPT-
11, NK012 can release SN-38 through chemical hydrolysis of the phenyl ester bond at
physiological pH (pH 7.4), thus its therapeutic effect is independent of carboxylesterase
enzymatic activity, which varies among the population [133,135]. In vitro release studies
showed that the amount of SN-38 released from NK012 in PBS (pH 7.3) at 37 ◦C achieved
57% at 24 h and 74% at 48 h and that these values decreased to 1% and 3%, respectively,
in 5% glucose solution at pH 4.6, demonstrating the stability of the formulation in weak
acidic media [135].

Extensive preclinical studies demonstrated the potent antitumoral activity of NK012
in vivo, particularly against solid tumors, being more effective than the SN-38 prodrug
CPT-11 by selectively accumulating in the tumor tissue via the EPR effect and exhibiting a
safer intestinal toxicity profile in several human tumor xenografts [133,135]. Moreover, the
small size (20 nm) of NK012 also allowed effective penetration and distribution within hy-
povascular and stroma-rich tumors, like pancreatic cancer [136,137] and scirrhous stomach
cancer [138], often intractable due to inefficient penetration of anticancer agents. In this
regard, orthotopic tumor xenografts provide a better model compared with subcutaneous
xenografts in terms of tumor vascularity and intersticium [137].

NK012 (30 mg/kg/day) efficacy in mice bearing orthotopic human pancreatic cancer
cell (SUIT-2) xenografts was superior to that of CPT-11 (66.7 mg/kg/day) and gemcitabine
(16.5 mg/kg/day), reducing the number of metastatic nodules in the peritoneal cavity, due
to enhanced accumulation within the tumor tissue and sustained release of SN-38 from
NK012 [137]. In mice orthotopically transplanted with scirrhous gastric cancer cells, NK012
showed enhanced distribution with prolonged SN-38 release when compared with CPT-11
and was effective against peritoneal nodules [138].

In mice bearing metastasis to the liver, colonized 7 days after portal vein administration
of human colon cancer HT-29 cells, NK012 administration (30 mg/kg) eradicated the
liver metastasis and improved survival rate compared with CPT-11 (66.7 mg/kg) [139].
Prolonged accumulation of NK012 and free SN-38 released from the PMs was observed
in the tumors, liver, and spleen, lasting for 6 weeks after NK012 administration, while
accumulation of free SN-38 converted from the CPT-11 prodrug rapidly decreased within
24 h [139]. Similarly, NK012 displayed a stronger antitumor effect compared with CPT-11
against liver metastasis produced by injecting human gastric cancer HSC-57 cells into the
portal vein of mice, with a survival rate of 100% on day 131 versus 0% in the CPT-11-treated
group [140].

NK012 showed significantly higher antitumor activity in nude mice with human
CRC HT-29 cell xenografts subcutaneously implanted when compared with CPT-11 [141].
Pharmacokinetic analysis revealed that the plasma AUC of NK012 (30 mg/kg) was nearly
200-fold higher than that of CPT-11 (66.7 mg/kg) while the AUC of free SN-38 released
from NK012 was 14-fold higher than that obtained from CPT-11 [141]. Moreover, the tumor
concentration of free SN-38 reached 90.4 ng/g and 4.5 ng/g at 24 h after administration
of NK012 or CPT-11, respectively, suggesting that prolonged circulation of NK012 in
the bloodstream enhances tumor distribution due to the EPR effect, resulting in potent
antitumor activity of NK012 in vivo [141]. Similarly, in combination therapy regimens
with 5-fluorouracil, the replacement of CPT-11 by NK012 resulted in a higher synergistic
antitumor effect in this experimental model of human CRC [142].

In the subcutaneous murine syngeneic renal adenocarcinoma (Renca) model, used as a
hypervascular tumor model mimicking human renal cell carcinoma, NK012 (20 mg/kg/day
on days 0, 4, and 8) was able to eradicate fast-growing Renca tumors in 60% of mice [143].
Injection of Renca cells into the tail vein of mice resulted in lung metastases, but treatment
with NK012 significantly reduced the number of metastatic nodules and improved sur-
vival [143]. Biodistribution studies revealed an enhanced and prolonged distribution of
free SN-38 in metastatic lung tissues, but not in healthy (non-metastatic) lung tissue, after
NK012 administration [143].
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In mice subcutaneously injected with VEGF-secreting human small-cell lung cancer
cells (SBC-3/VEGF), NK012 markedly enhanced SN-38 distribution and accumulation in
tumors due to the EPR effect, promoted by the hypervascularity and hyperpermeability
induced by VEGF, resulting in remarkably higher antitumor activity when compared
with CPT-11 [141]. Similarly, combination therapy with NK012 and cisplatin provided
superior efficacy in relative tumor volume reduction compared with CPT-11/cisplatin
and was not associated with severe diarrhea [144]. The higher concentration of CPT-11
found in the small intestine epithelium, which can be reabsorbed and converted to SN-38
that damages the intestinal mucosa and provokes diarrhea, was responsible for intestinal
toxicity in the CPT-11/cisplatin-treated group [144]. NK012 in combination with S-1, an
oral dihydropyrimidine dehydrogenase inhibitory fluoropyrimidine, also displayed a
synergistic efficacy superior to that of CPT-11/S-1 and reduced intestinal toxicity, including
lower incidence of diarrhea, in mice subcutaneously implanted with NSCLC (PC-14 or
EBC-1 cell) xenografts [145].

Therapeutic combination of NK012 (5 or 30 mg/kg) with bevacizumab (5 mg/kg),
an anti-VEGF humanized mAb, was more efficient than NK012 (5 or 30 mg/kg) at in-
hibiting tumor growth in nude mice subcutaneously implanted with human lung cancer
(PC-14 or A549) xenografts [146]. Pharmacokinetic data revealed that the concentrations
of NK012 and free SN-38 after administration of NK012 alone were not significantly dif-
ferent from those obtained for the combination of NK012 plus bevacizumab, suggesting
that VEGF-induced angiogenesis inhibition by bevacizumab does not disturb NK012 tu-
mor accumulation and produces an additional antitumor effect by reducing the area of
proliferating vascular endothelial cells in the tumors [146].

Glioma is another type of hypervascular tumor with irregular vascular architecture
and high expression levels of VEGF. NK012 was more effective than CPT-11 at reduc-
ing tumor volume and increasing survival rate in mice bearing glioblastoma (U87MG)
orthotopic xenografts, which was attributed to enhanced intratumoral accumulation of
NK012 with prolonged and sustained release of SN-38, since SN-38 antitumor activity
is time-dependent [147]. However, free SN-38 was not detected in normal brain tissues
after IV injection of either NK012 or CPT-11, suggesting that both NK012 and CPT-11 are
unable to cross the BBB in the normal brain but extravasate from the brain tumor blood
vessels, with the NPs preferentially accumulating in the tumor tissue [147]. Further studies
showed that NK012 monotherapy was even more effective against orthotopic tumors than
CPT-11 combined with bevacizumab [148]. Moreover, convection-enhanced delivery (CED)
of NK012 enabled consistent distribution of SN-38 with minimum brain tissue damage
in healthy rat brains after delivery of 40 μg NK012 while severe damage was observed
with SN-38 at the same dose [149]. CED circumvents the BBB by delivering agents directly
into the tumor or surrounding brain parenchyma based on continuous positive-pressure
infusion, resulting in large volumes of distribution and high local drug concentrations with
reduced potential systemic toxicity [149]. Local delivery of NK012 via CED significantly
prolonged survival in rats with human U87MG brain tumor orthotopic xenografts [149].

In a mouse model of orthotopic multiple myeloma created using CD138-positive
U2661B1 cells, which produce human IgE lambda light chain (monoclonal protein), IV
administration of NK012 was able to suppress plasma elevation of human monoclonal
protein levels and proliferation of CD138-positive myeloma cells in mouse bone marrow
in a dose-dependent manner [150]. NK012 monotherapy and in combination with the
proteasome inhibitor bortezomib prolonged the median survival time compared with the
control (untreated) group and bortezomib alone, respectively [150].

A first-in-human phase 1, dose-escalating study in Japan, enrolling patients with solid
tumors refractory to standard therapy (n = 24), showed that administration of NK012
(2–28 mg/m2 as a 30 min IV infusion every 3 weeks) was well tolerated and objective
responses were observed in patients with refractory esophageal cancer and lung carci-
noma [62]. The most common DLT was neutropenia, observed in two out of nine patients
at the 28 mg/m2 dose level during cycle 1. Non-hematologic toxicity, namely diarrhea, was
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mostly grade 1/2. A subsequent phase 2 study evaluating the efficacy and safety of NK012
(28 mg/m2 IV infusion over 30 min, every 3 weeks) in Japanese patients with unresectable
metastatic CRC (n = 58) previously treated with an oxaliplatin-based chemotherapy regimen
found similar ORRs between NK012 monotherapy and irinotecan (CPT-11) monotherapy
(3.8% versus 4.2%, respectively) reported in the phase 3 EPIC trial but with low incidence
of grade ≥ 3 diarrhea [151]. The study included cancer patients homozygous or heterozy-
gous for UGT1A1*28 or UGT1A1*6 originally excluded in the phase 1 trial. Based on the
incidence and severity of grade ≥ 3 neutropenia and febrile neutropenia, the initial dose of
28 mg/m2 NK012 was considered too high for these patients.

Another phase 1 dose escalation study was independently conducted in the USA [63].
Administration of NK012 (9–37 mg/m2 as a 30 min infusion, every 21 or 28 days, without
premedication) to patients with previously treated advanced solid tumors (n = 38) showed
promising antitumor activity, with partial responses in triple-negative breast cancer (n = 3),
SCLC (n = 1), endometrial cancer (n = 1), and pancreatic neuroendocrine tumor (n = 1).
The recommended phase 2 dose was set as 20 mg/m2 every 28 days, which was also
identified as the MTD in the 21-day schedule, with myelosuppression as the main DLT [63].
Gastrointestinal toxicity was mild, including grade < 3 diarrhea. Pharmacokinetic analysis
showed that NK012 (28 mg/m2) had a higher plasma AUC compared to that of CPT-11
(250 mg/m2) and that the half-life of SN-38 was significantly prolonged in NK012 when
compared to CPT-11, demonstrating a sustained high systemic concentration of SN-38 in
the micellar formulation [63].

A phase 1/2 study of NK012 (12–24 mg/m2) in patients with relapsed or refractory
multiple myeloma (n = 16) established 20 mg/m2 as the RD of NK012, with grade 4
neutropenia being responsible for the majority of DLTs at a dose of 24 mg/m2 [152].
However, the study was terminated at the end of the phase 1 stage since all patients failed
to achieve an objective response [152].

4.3. Anthracycline Micellar Formulations

Anthracyclines are antibiotics produced by Streptomyces spp. with a broad spectrum
of antitumoral activity. Chemically, anthracyclines are glycoside drugs consisting of an
anthraquinone aglycone coupled with an amino sugar (daunosamine), and the intercalation
of the planar aromatic anthraquinone moiety between adjacent DNA base pairs contributes
to their cytotoxic effects. Although anthracyclines are DNA-intercalating agents, inhibition
of eukaryotic topoisomerase II (Top2) in proliferating cancer cells is considered the primary
mode of action responsible for the potent cytotoxic activity of the drugs [153]. Anthracycline
antibiotics are Top2 poisons that trap the enzyme–DNA cleavage complexes by stacking
between DNA base pairs at the DNA/protein interface, interacting with both nucleotides
as well as amino acid residues to form stable ternary complexes, which inhibits DNA
re-ligation, generating DNA double-strand breaks and triggering apoptotic cell death [153].

Doxorubicin (DOX) is a cytotoxic anthracycline antibiotic produced by Streptomyces
peucetius subsp. caesius (ATCC 27952) with a characteristic red color and natural fluores-
cence due to the anthraquinone chromophore. DOX is used alone or in combination with
other chemotherapeutic agents as first-line therapy for several types of cancer, including
breast, ovarian, thyroid, bladder, SCLC, bone sarcomas, neuroblastoma, acute lymphoblas-
tic/myeloblastic leukemia, and Hodgkin lymphoma [153,154]. However, the therapeutic
effect of DOX is limited by severe AEs, namely myelosuppression, nephrotoxicity, and
dose-dependent acute and chronic cardiotoxicity. Among those, the most deleterious side
effect is cardiomyopathy, potentially leading to congestive heart failure [153,154].

Besides being a Top2 poison and a DNA-intercalating agent, DOX-induced intracel-
lular ROS generation also contributes to the drug cytotoxicity. At physiological pH, the
amine sugar moiety of DOX is positively charged and binds with high affinity to nega-
tively charged cardiolipin present in the inner mitochondrial membrane of metabolically
active cells (e.g., cardiomyocytes and hepatocytes), promoting DOX accumulation in these
organelles. DOX is reduced by microsomal (NADPH-cytochrome P450) and mitochondrial
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(Complex I) oxidoreductases to a semiquinone radical species, which can complex with
Fe2+. The free radical complex can spontaneously reduce oxygen to superoxide anion
radical, regenerating DOX in the process and reinitiating the cycle [153]. Increased levels of
superoxide and other ROS and RNS generated in the process, including hydroxyl radicals
and peroxynitrite, contribute to oxidative and nitrosative stress, mitochondrial dysfunc-
tion, DNA damage, and lipid peroxidation-dependent ferroptosis [153]. Although ROS
detoxification can be achieved by endogenous antioxidative enzymes, such as superoxide
dismutase (SOD), catalase, and glutathione peroxidase, the lower levels of these free-
radical-scavenging systems expressed in cancer and myocardial cells contribute to DOX
antitumor activity and associated cardiotoxicity [153]. Doxorubicinol (DOXol), a cytotoxic
metabolite formed by the reduction of DOX catalyzed by cytosolic NADPH-dependent
carbonyl and aldo-keto reductases located in erythrocytes, heart, liver, and kidney cells,
disrupts calcium homeostasis by interfering with the sarcoendoplasmic reticulum calcium
ATPase (SERCA) and the cardiac ryanodine receptor (RyR2) and is a relevant contributor
to DOX-induced cardiomyopathy [153].

DOX is available in the form of a water-soluble salt, DOX hydrochloride (Adriamycin®,
Farmitalia-Carlo Erba, Milan, Italy), for IV administration, usually with a cardioprotective
agent, such as dexrazoxane, an iron chelator [154]. Liposomal formulations for injection
(e.g., Doxil®/Caelyx®, Myocet®) are also available with lower incidence of cardiotoxicity
but more expensive [154]. Furthermore, the pegylated liposomal formulation of DOX
(Doxil®/Caelyx®) is associated with dose-limiting palmar plantar erythrodysthesia [154].

Several anthracycline analogs have been synthesized in attempts to improve thera-
peutic efficacy and reduce off-target toxicity. Among the few that reached the market was
epirubicin (4’-epidoxorubicin), the 4’-epimer of DOX. Epirubicin (EPI) and DOX have simi-
lar potency, but EPR exhibits reduced cardiotoxicity, which is reflected in their maximum
recommended cumulative doses, 1000 mg/m2 for EPR and 550 mg/m2 for DOX [83].

4.3.1. NK911

NK911, developed by NanoCarrier Co., Ltd. (Chiba, Japan) and licensed to Nippon
Kayaku (Tokyo, Japan), is a polymeric micellar formulation of DOX with a 40 nm size
composed of amphiphilic diblock copolymers made of PEG5k and p(Asp)4k, made more
hydrophobic by partial conjugation (near 45%) of the drug to the carboxylic groups of
the amino acid side chains through amide bonds, and containing physically entrapped
DOX stabilized via π–π-stacking interactions with the conjugated drug [155]. Contrary to
the ester bonds in NK012, the amide bond is hydrolytically stable, and it is the physically
encapsulated free drug rather than conjugated DOX that is responsible for the cytotoxic
activity [64].

A preclinical study showed that the PMs accumulated in solid tumors in mice by
the EPR effect and DOX released from the inner core by diffusion exerted significantly
higher antitumor activity than free DOX [155]. Concerning the release of DOX from the
conjugated block copolymer, administration of a DOX-conjugated polymer to dogs showed
that DOX concentration in plasma was 100-fold less than that of NK911 containing the same
amount of DOX-conjugated polymer. Thus, conjugated DOX does not influence plasma
DOX concentrations after IV injection of NK911 [64].

NK911 was the first polymeric micellar formulation to proceed into clinical trials, in
2001. In a phase 1 clinical trial enrolling 23 patients with metastatic or recurrent solid tu-
mors refractory to conventional chemotherapy, IV administration of NK911 (6–67 mg/m2)
every 3 weeks showed that the formulation was well tolerated, without any infusion-related
reactions [64]. A partial response was obtained in one patient with metastatic pancreatic
cancer and eight patients exhibited stable disease for longer than 4 weeks. Neutropenia
was the main hematological toxicity, with DLTs observed at a dose of 67 mg/m2 (grade 4
neutropenia lasting more than 5 days), which was determined as the MTD. Common
non-hematological toxicities included mild alopecia, stomatitis, and anorexia. The rec-
ommended phase 2 dose was established as 50 mg/m2 every 3 weeks [64]. At this dose
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level, the plasma AUC of NK911 was 2-fold higher than that of free DOX but more than
100-fold lower than that of Doxil® (PEGylated liposomes), indicating that NK911 is less
stable in plasma than the liposomal formulation. However, the volume of distribution at a
steady state of NK911 was nearly 180-fold higher than that of Doxil® at the same dose level,
suggesting that the distribution of DOX in tumor tissue may be wider in the case of the
PMs when compared to the nanoliposomes upon extravasation from the tumor vessels [64].

4.3.2. SP1049C

SP1049C, developed by Supratek Pharma Inc. (Montreal, QC, Canada), is a P-gp-
targeting polymeric micellar formulation of DOX, which is non-covalently incorporated
in mixed micelles (22–27 nm) made from a blend of triblock copolymers, Pluronic® L61
and Pluronic® F127 (1:8 w/w) [83,156,157]. Pluronic® L61 was shown to sensitize DOX-
resistant cancer cells through an interplay between ATP depletion, membrane fluidization,
and inhibition of P-gp ATPase activity, while Pluronic® F127 provided micellar stabiliza-
tion [156,157]. SP1049C was effective in vitro against MDR cells normally not susceptible
to DOX, which was attributed to an increase in drug uptake, energy-dependent drug
efflux inhibition, and changes in intracellular drug trafficking [64]. SP1049C also exhibited
improved antitumor efficacy in vivo against drug-resistant tumors due to enhanced tumor
accumulation through the EPR effect while distribution in liver, kidney, heart, and lung
was similar to conventional DOX but with higher brain levels for SP1049C [156].

A phase 1 dose-escalation trial in patients with advanced cancer (n = 26) administered
SP1049C (5–90 mg/m2) as an IV infusion once every 3 weeks for up to six cycles showed
myelosuppression as a DLT at 90 mg/m2 [66]. The MTD was 70 mg/m2 and was also the
RD for phase 2 studies [66]. The pharmacokinetic profile of SP1049C showed a slower
clearance when compared with conventional DOX [66]. Antitumor activity following
SP1049C administration was observed in three patients with advanced resistant solid
tumors (Ewing’s sarcoma, carcinosarcoma, and esophageal adenocarcinoma) that had
received prior therapy [66]. Nausea, vomiting, fatigue, and alopecia were common side
effects but palmar plantar erythrodysthesia was not observed [66].

A subsequent phase 2 study in 21 patients with metastatic or locally advanced unre-
sectable adenocarcinoma of the esophagus or gastroesophageal junction (chemotherapy
naïve) treated with SP1049C (75 mg/m2, IV infusion) every 3 weeks showed an ORR of
47%, median OS of 10 months, and PFS of 6.6 months. Grade 3/4 neutropenia (61.9%) was
the main drug-related AE [158]. Non-hematological AEs included alopecia (66.7%), mu-
cositis (47.6%), anorexia (19%), vomiting (19%), nausea (14.3%), and lethargy (14.3%) [158].
Asymptomatic and small decrements (grade 1) in left ventricular ejection fraction were
observed in four patients, which discontinued treatment [158]. A phase 3 clinical study of
SP1049C in metastatic adenocarcinoma of the upper gastrointestinal tract was started but
no results have been reported, although SP1049C was granted orphan drug status by the
FDA for esophageal carcinoma in 2005 and for gastric cancer in 2008 [83,159].

4.3.3. NC-6300

NC-6300, developed by NanoCarrier Co., Ltd. (Chiba, Japan), is a pH-sensitive
polymeric micellar formulation with a particle size of 40–80 nm composed of PEG12k
and poly(α,β-aspartic acid) block copolymers, the latter partially modified with benzyl
groups for stabilization of the micellar structure, and conjugated with EPI via an acid-labile
hydrazone bond [160].

NC-6300 accumulates in tumor tissue due to the EPR effect and selectively releases
the drug in the acidic TME [160]. In vitro drug release studies showed that at pH 3.0,
80% of EPI was released from NC-6300 within 1 h while at pH 7.0 or 7.4 only 20% of
the drug was released within 24 h [160]. Pharmacokinetic studies in rats showed highly
enhanced plasma retention of NC-6300 compared with native EPI (AUC 116.7 versus
0.053 μg·h/mL, respectively, both intravenously administered at 1 mg/kg dose) [160].
NC-6300 (15 and 20 mg/kg three times with a 4-day interval between doses) was able to
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regress a Hep3B human hepatic tumor and to inhibit the growth of MDA-MB-231 human
breast tumor in xenografted mice while EPI (7 mg/kg at the same schedule) only slowed
tumor growth [160]). Tissue distribution studies of NC-6300 (20 mg/kg) showed efficient
release of EPI in the tumor, with a release ratio of 74% against 20–46% in healthy tissues.
The AUC value of released EPI in the tumor and in the heart was 4.3-fold higher and
0.28-fold lower, respectively, compared with the native free EPI solution at the same dose,
resulting in a 15-fold higher therapeutic index for the polymeric micellar formulation [160].

Preclinical evaluation of NC-6300 (10 or 15 mg/kg weekly, for 3 weeks) in mice bearing
subcutaneous or orthotopic xenografts of human hepatocellular carcinoma Hep3B cells
showed that the formulation improved drug antitumoral activity and survival rate when
compared with conventional EPI (10 mg/kg, at the same schedule), with no significant
cardiotoxic effects [161]. NC-6300 increased EPI concentrations in the plasma, liver, spleen,
and tumor and decreased drug levels in the kidney, lung, and heart compared with the
native drug [161].

NC-6300 has also been conjugated with an antitissue factor mAb (clone 1849) for tar-
geted cancer therapy, since tissue factor (TF), an initiator of the extrinsic blood coagulation
cascade, is frequently overexpressed in cancer cells and tumor vascular endothelium [162].
The antitumoral activity of anti-TF-NC-6300 was higher in mice bearing tumor xenografts
with high TF expression (human gastric cancer 44As3 cells and human pancreatic cancer
BxPC3 cells) compared with NC-6300 but in low-TF-expressing xenografts (human pancre-
atic cancer SUIT2 cells) both formulations showed similar activity, although with higher
tumor accumulation of anti-TF-NC-6300.

However, clone 1849 antibody was found to inhibit TF-associated blood coagulation
activity and was replaced by clone 1859 in a subsequent study, which had no effect on
blood coagulation [163]. The novel anti-TF-NC-6300 formulation showed higher in vitro
cytocidal effects in BxPC3 cells compared with NC-6300 but not in the SUIT2 cell line.
Similarly, the in vivo tumor growth inhibition efficacy of anti-TF-NC-6300 was superior to
NC-6300 in BxPC3 xenografts, but not in the SUIT2 xenograft model, demonstrating the
enhanced antitumor effect of anti-TF-NC-6300 in the high-TF-expressing tumor [163].

Targeted immunotherapy with NC-6300 in combination with anti-PD-L1 antibody was
found to potentiate immune checkpoint inhibition in mouse models of osteosarcoma and
fibrosarcoma, and NC-6300 was even more effective than the MTD of DOX at increasing
tumor growth delay induced by anti-PD-L1 antibody [164]. Further mechanistic studies
showed that NC-6300 induced immunogenic cell death and normalized the TME, and the
combination with anti-PD-L1 antibody increased the intratumoral density and proliferation
of T cells [164].

The mechanisms underlying the antitumoral effects resulting from the combination of
NC-6300 and high-intensity focused ultrasound (HIFU) were investigated in human pancre-
atic adenocarcinoma (BxPC-3) and human promyelocytic leukemia (HL-60) cell lines [165].
The sonodynamic therapy (SDT) system employed a specific HIFU irradiation sequence
consisting of a short-duration high-intensity triggering pulse (2000 W/cm2, 0.02 ms) to
generate cavitation bubbles and a heating wave (10–1000 W/cm2, 10 ms) for sustention of
cavitation bubbles and bubble-enhanced heating [165]. The combination of NC-6300 with
trigger-pulsed HIFU (TP-HIFU) was shown to increase ROS production in vitro without
drug degradation due to the protective hydrophilic shell of the micelles [165]. Moreover,
the generation of superoxide anions by TP-HIFU increased upon the addition of NC-6300,
and the sonosensitizer potency of NC-6300 was superior to that of EPI.

SDT based on the combination of a low dose of NC-6300 (2.5 mg/kg, 24 h prior to
HIFU irradiation) and low-energy HIFU (270 or 360 W/cm2) showed improved efficacy in
mouse models of colon cancer (Colon-26) and pancreatic cancer (MIA PaCa-2) compared
with NC-6300 monotherapy or HIFU alone [166]. SDT with NC-6300 (7.5–30 mg/m2) and
HIFU (9–30 sequences) were effective in the treatment of canine cancer in four pet dogs with
spontaneous tumors (chondrosarcoma, osteosarcoma, hepatocellular cancer, and prostate
cancer) with no AEs after five SDT sessions [167].
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A first-in-human phase 1, dose-escalation study of NC-6300 in patients with advanced
or recurrent solid tumors (n = 19) administered NC-6300 (15–225 mg/m2) as 10 min IV
infusion every 3 weeks showed a partial response in one patient with breast cancer and
stable disease in ten patients [168]. The recommended phase 2 dose was set as 170 mg/m2,
which was also the MTD. The human pharmacokinetic profile of NC-6300 was linear and
consistent with preclinical studies in rats and monkeys.

A phase 1b, dose-escalation trial of NC-6300 monotherapy (125–215 mg/m2, IV, every
3 weeks) in patients (n = 29) with advanced, metastatic, or unresectable solid tumors,
including soft-tissue sarcomas (n = 11), showed an ORR of 11%, with partial responses in
angiosarcoma and endometrial stromal sarcoma. DLTs included grade 3/4 neutropenia,
thrombocytopenia, anemia, febrile neutropenia, stomatitis, and lung infection [67]. The
MTD and RD for phase 2 studies were determined to be 185 mg/m2 and 150 mg/m2,
respectively. Based on the promising antitumor activity against angiosarcoma, an expansion
cohort was undertaken (NCT03168061) which enrolled 10 patients [169]. Administration
of NC-6300 at the RD (150 mg/m2, IV), once every 3 weeks, resulted in a median PFS of
5.4 months (3.8 months and 8.2 months in patients with and without prior anthracycline
treatment, respectively) [169]. The most common AEs were neutropenia, thrombocytopenia,
leukopenia, anemia, fatigue, and nausea [169].

4.4. Platinum-Based Micelle Formulations

Cisplatin (CDDP) is a platinum coordination complex with a broad spectrum of
antitumor activity used as first-line therapy for several solid tumors, including breast,
ovarian, testicular, bladder, head and neck, liver, and small-cell and non-small-cell lung
cancers, either alone or in combination with radiation and/or other chemotherapeutic
drugs [170,171].

The potent genotoxicity of cisplatin, activated intracellularly by the aquation of the
two chloride leaving groups, results from the formation of mainly intrastrand but also
interstrand DNA crosslinks through coordination bonds between the platinum atoms and
the purine nucleobases [170,171]. However, non-selective distribution of the drug results
in acute dose-related severe AEs, namely nephrotoxicity, myelosuppression, neurotoxicity,
and ototoxicity, and the therapeutic effect is further limited by intrinsic or acquired drug
resistance [171].

Platinum complexes like cisplatin undergo stepwise aquation reactions in which the
chloride ions are replaced by water molecules leading to the pharmacologically active
cationic mono- and diaqua complexes [170,171]. The rates of aquation of platinum com-
plexes depend on the concentration of chloride ions in the media, thus the drugs are
relatively stable in plasma due to the high chloride concentration (100 mM). On the other
hand, the low intracellular chloride concentration (4–12 mM) promotes the formation of
the cationic aqua forms of the platinum complexes, which do not readily diffuse out of
the cell since their charge hinders crossing of the lipophilic cellular membrane, becoming
trapped within the cell and binding to intracellular targets, mainly DNA but also RNA and
proteins [170].

Carboplatin is a second-generation platinum designed to reduce cisplatin DLT by replacing
the readily exchangeable chloride ligands with a bidentate 1,1-cyclobutanedicarboxylic acid
ligand, thus slowing down the rate of aquation reactions, which also reduces the drug
potency [170,171]. However, the lower excretion rate of carboplatin results in higher
retention (half-life of 30 h versus 1.5–3.6 h for cisplatin) and longer-lasting effects [170].
Carboplatin has reduced nephrotoxic side effects compared with cisplatin but is associated
with severe myelosuppression.

Oxaliplatin is a third-generation platinum complex developed to overcome cellular re-
sistance to cisplatin and carboplatin. The parent compound, cis-dichloro(1,2-diamminocycl-
ohexane)platinum(II) (DACHPt), is a potent anticancer agent with a broader spectrum
of activity and no crossresistance with cisplatin and carboplatin, obtained by replacing
the two amine groups of cisplatin by 1,2-diamminocyclohexane (DACH) [171]. However,
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DACHPt lacks water solubility (0.25 mg/mL compared with 1.2 mg/mL for cisplatin),
which was enhanced in oxaliplatin by replacing both chloride ligands with a bidentate
oxalate ligand [170]. Oxaliplatin undergoes rapid non-enzymatic biotransformation due
to displacement of the labile oxalate group by water and nucleophiles, namely chloride
ions, present in biological media to form cytotoxic mono- and diaqua/chloro platinum
complexes, which complicates the drug pharmacokinetics. The higher cytotoxic activity of
oxaliplatin compared with cisplatin and carboplatin has been attributed to the bulky DACH
ligand, which induces DNA lesions that are poorly recognized and/or prevent binding by
DNA repair enzymes [170]. Moreover, oxaliplatin can induce ribosome biogenesis stress
and enable immunogenic cell death by promoting a T-cell-dependent immune response,
and these differing modes of action further contribute to the efficacy of oxaliplatin in
cisplatin-resistant cell lines [171].

Oxaliplatin (Eloxatin®, Sanofi-Aventis) is indicated as the first-line treatment of
metastatic CRC, in combination with 5-fluorouracil and leuvocorin, known as the FOL-
FOX regimen, and as adjunctive therapy after resection of the primary tumor. Oxaliplatin
lacks the nephrotoxicity of cisplatin and the severe myelosuppression of carboplatin but
induces severe peripheral neuropathy, often the DLT, characterized by acute neuropathy
that includes acral paresthesia and dysesthesia triggered or enhanced by exposure to
cold, and chronic neuropathy, with loss of sensory and motor function after long-term
treatment [170,171].

4.4.1. NC-6004 (Nanoplatin™)

NC-6004 (Nanoplatin™), developed by NanoCarrier Co., Ltd. (Chiba, Japan) and
licensed to Orient Europharma Co., Ltd. (Taiwan), is a cisplatin polymeric micellar for-
mulation comprising amphiphilic diblock copolymers made of PEG and p(Glu) with a
micelle size around 30 nm prepared through polymer–metal complex formation between
cisplatin and the carboxylate groups of the hydrophobic segment [83,172]. In physiological
media, NC-6004 is expected to release cisplatin through an exchange reaction between the
carboxylate groups of p(Glu) and chloride ions present in the media [172].

NC-6004 was stable in distilled water in long-time storage but in physiological saline
a sustained drug release was observed, lasting longer than 150 h, which was accompanied
by the decay of the carrier micelles [172]. The micelles had remarkably prolonged blood
circulation and showed high selectivity towards cancer cells in Lewis-lung-carcinoma-
bearing mice, effectively accumulating in solid tumors by passive targeting through the
EPR effect and showing reduced accumulation in normal tissues (kidney, liver, spleen,
and muscle) [172]. Both NC-6004 and free cisplatin, at the same dose regimen (4 mg/kg,
five 2-day cycles), had significant antitumor activity in murine colon adenocarcinoma 26
(C 26)-bearing mice compared with a non-treated control group, but only NC-6004-treated
mice showed complete tumor regression without significant body weight loss [172].

Further studies showed that the secondary structure in the polypeptide segment of the
PEG-b-p(Glu) copolymer, characterized by α-helix bundles in the micellar core, was critical
for stabilization of micellar structure against dilution in physiological media, prolonging
blood circulation and achieving sustained drug release in the TME through surface erosion
of the bundled core by chloride ions and disassembly of the micelles [173]. The formulation
accomplished selective tumor accumulation after IV injection (4 mg/kg, three times at
2-day interval) in mice bearing subcutaneous human pancreatic adenocarcinoma (BxPC3)
xenografts, with reduced non-specific distribution to the liver and spleen, and effectively
suppressed tumor growth [173].

The in vitro growth inhibitory effect of NC-6004 against human oral squamous cell car-
cinoma cell lines (OSC-19, OSC-20, HSC-3, and HSC-4) was inferior to that of cisplatin [174].
However, both formulations showed comparable in vivo antitumor effects in an orthotopic
tongue cancer (OSC-19) mouse model, with the micellar formulation providing a better
safety profile, with minimal renal cell damage [174]. Moreover, NC-6004 showed prolonged
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blood and lymphatic circulation, reducing the incidence of lymphatic metastasis compared
with cisplatin [174].

The antitumor effect of NC-6004 (0.5, 2.5, or 5.0 mg/kg IV, every 3 days, for a total of
three injections) in nude mice implanted with the human gastric cancer cell line MKN-45
was comparable to or higher than that of cisplatin at the same dose schedule, with tumor
concentrations of platinum peaking at 10 min and 48 h after administration of cisplatin and
NC-6004, respectively [175]. Additionally, combined treatment with NC-6004 and S-1 in
mice bearing human gastric cancer (44As3Luc) xenografts showed significantly lower body
weight loss compared with cisplatin plus S-1 while retaining similar antitumor activity.

In healthy rats, a single IV injection of NC-6004 significantly inhibited the nephrotoxic-
ity and neurotoxicity of cisplatin, according to data from histopathological and biochemical
studies [175]. Renal platinum concentrations at 10 min and 1 h after administration of
NC-6004 (5 mg/kg) were 11.6- and 3.1-fold lower, respectively, compared with the cisplatin
(5 mg/kg) group [175]. Rats treated with cisplatin (10 mg/kg) also showed higher plasma
concentrations of blood urea nitrogen (BUN) and creatinine compared with animals given
NC-6004 (10 and 15 mg/kg). Thus, NC-6004 may facilitate treatment on an outpatient
basis due to decreased renal toxicity since it does not require hospitalization for hydration
to prevent cisplatin nephrotoxicity [175,176]. The neurophysiological examination was
performed after 11 IV administrations of NC-6004 or cisplatin, both at 2 mg/kg, twice a
week [175]. Contrary to NC-6004-treated rats, the cisplatin-treated rats showed a significant
delay in sensory nerve conduction velocity in their hind paws and degeneration of the
sciatic nerve, which was attributed to significantly reduced accumulation of platinum in
nerve tissue following NC-6004 administration [175].

NC-6004 also prevented ototoxicity, a common side effect of high-dose cisplatin ther-
apy, in healthy guinea pigs. Treatment with NC-6004 (8 or 12 mg/kg bolus IV injection)
resulted in no apparent auditory brainstem responses (ABRs) while treatment with cisplatin
(8 or 12 mg/kg bolus IV injection plus subcutaneous hydration with 20 mL normal saline
to avoid renal damage) lead to dose-dependent threshold shifts and significant hair-cell
loss [177]. Platinum distribution and concentration in the organ of Corti were significantly
reduced in NC-6004-treated guinea pigs compared with the cisplatin-treated group, indicat-
ing that NC-6004 prevented cisplatin-induced ototoxicity by circumventing the vulnerable
hair cells in the inner ear due to the micelle’s size (around 30 nm), which does not allow
crossing the blood–cochlear barrier through the intrastrial space (around 15 nm) [177].

The first-in-human phase 1, dose-escalation study of NC-6004 (10–120 mg/m2, IV,
every 3 weeks) in patients with solid tumors (n = 17) conducted in the UK revealed renal im-
pairment and hypersensitivity reactions at a dose of 120 mg/m2, despite implementation of
a premedication regimen and posthydration, which was established as the MTD [69]. Only
one DLT occurred in a patient treated with 90 mg/m2 of NC-6004, which was determined
as the RD. Seven patients showed stable disease. Pharmacokinetic analysis showed that IV
administration of NC-6004 reduced Cmax and increased AUC compared with cisplatin at
the same dose (120 mg/m2), indicating that the delayed and sustained release of cisplatin
following IV administration of NC-6004 contributed to its lower toxicity and better safety
profile compared to conventional cisplatin [69].

Results from a phase 1/2 study (NCT00910741) conducted in Asia (Taiwan and Singa-
pore) enrolling patients with pancreatic cancer (n = 19) treated with NC-6004 (30, 60, 90, and
120 mg/m2 every 3 weeks on day 1) plus gemcitabine (1000 mg/m2 twice every 3 weeks, on
days 1 and 8) registered two DLTs at 120 mg/m2, which was determined as the MTD, while
the RD was established as 90 mg/m2. These values were identical to the ones obtained
for the monotherapy regimen in the UK study [178]. However, the combination regimen
showed modest efficacy, with one partial response and ten patients experiencing stable
disease among the seventeen in the evaluable population. A prophylactic two-dose oral
steroid regimen was implemented to reduce the risk of hypersensitivity reactions, which
were not observed [178]. Nevertheless, NC-6004 entered and completed a phase 3 clinical
trial (NCT02043288) for evaluation of the impact of NC-6004 addition to gemcitabine in
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the treatment of locally advanced or metastatic pancreatic cancer in Asian patients, but no
results have been posted yet.

An open-label phase 1 study of NC-6004 (60 or 90 mg/m2, IV, on day 1, in every
3-week cycle) in combination with gemcitabine (1000 mg/m2, IV, on days 1 and 8 starting
on the second cycle) in Japanese patients with advanced solid tumors (n = 12) established
both the MTD and the RD at 90 mg/m2 [179]. One patient showed partial response while
eight patients had stable disease. The most frequent drug-related AEs were neutrophil
decrease (66.7%) and WBC count decrease (41.7%). Prophylactic hydration therapy before
and after treatment with NC-6004 was necessary to prevent renal toxicity [179].

In a phase 1b/2 study (NCT02240238) conducted in the US and Europe, patients with
advanced solid tumors (n = 22) were treated with NC-6004 (60–180 mg/m2 on day 1) and
gemcitabine (1250 mg/m2 on days 1 and 8) every 3 weeks [180]. The most common grade
3/4 hematologic AEs were leukopenia (68%) and thrombocytopenia (59%), and the MTD
and phase 2 RD were both determined to be 135 mg/m2, higher than the corresponding
values reported in the UK study [69] and the Asian study [178]. The inconsistency may
be due to different study designs since the latter studies used a 3 + 3 modified Fibonacci
dose escalation design while the US study adopted the Bayesian continual reassessment
model. No clinically significant nephro-, neuro-, or ototoxicity was observed. Among
20 evaluable patients, 3 showed partial responses (15%), 14 had stable disease (70%), and
tumor shrinkage was detected in 11 patients (55%) [180].

The expansion phase 2 study (NCT02240238) of NC-6004 (135 mg/m2 on day 1) plus
gemcitabine (1250 mg/m2 on days 1 and 8) in patients with squamous NSCLC (n = 34),
biliary tract cancer (n = 50), or bladder cancer (n = 13) showed a median PFS of 3.9, 4.3, and
6.8 months, respectively [68]. The most common grade 3 treatment-emergent AEs were
nausea, anemia, neutropenia, and hyponatremia, independently of the type of cancer [68].

A phase 2a/2b clinical trial (NCT03771820) of NC-6004 plus the checkpoint inhibitor
pembrolizumab in patients with HNSCC refractory to platinum or platinum-containing
regimens (n = 16) treated with the recommended phase 2 dose (135 mg/m2) demonstrated
that the formulation was safe and well tolerated [181]. No grade 3/4 toxicity or clinically
significant nephro-, neuro-, or ototoxicity was observed, despite the RD being higher than
conventional cisplatin therapeutic doses, and the most common side effect was hypomagne-
semia (31%). Three patients showed partial response (21%) while tumor shrinkage occurred
in eight patients (57%) [181].

Based on the promising therapeutic efficacy and safety of the NC-6004 cisplatin
formulation, NC-4016 was developed for the delivery of oxaliplatin in order to modify
its pharmacokinetics, improve antitumor activity, and decrease drug-related toxicity, as
discussed in the next section.

4.4.2. NC-4016

NC-4016, developed by NanoCarrier Co., Ltd. (Chiba, Japan), is a polymeric micellar
formulation of DACHPt, the oxaliplatin parent complex, composed of PEG12k-p(Glu)6k
diblock copolymers [182,183]. The PMs, with 30–40 nm size, were prepared through
polymer–metal complexation between DACHPt and the carboxylic groups of the hy-
drophobic copolymer [182,183]. The platinum complexes are released from the micelle core
by exchange reaction between chloride ions present in the media and carboxylic groups of
the p(Glu) copolymer complexed with DACHPt. Drug release studies performed in PBS
(pH 7.4) at 37 ◦C, mimicking physiological conditions, demonstrated the in vitro sustained
release of platinum from NC-4016 after an induction period of 12 h [183].

The growth inhibitory effect of NC-4016 in a human cervical adenocarcinoma (KB)
cell line was weaker than that of oxaliplatin in vitro, presumably due to the slow-release
behavior of DACHPt complexes from the micelles [184]. However, the in vivo antitumoral
efficacy of the micellar formulation was superior to that of oxaliplatin at equivalent Pt
doses in nude mice bearing subcutaneous KB xenografts, which was attributed to higher
Pt concentrations in tumor [184]. A 74% reduction in tumor weight was achieved after
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administration of NC-4016 compared with only 33% in the oxaliplatin-treated group [184].
Additionally, in a rat model of oxaliplatin-induced neuropathic pain, no acute cold hy-
persensitivity was observed in the NC-4016-treated group, contrary to the oxaliplatin
group [184]

NC-4016 was shown to maintain micelle form during blood circulation, extravasating
from blood vessels into tumor tissues and selectively dissociating within late endosomes,
thus enhancing drug delivery to the nucleus of cancer cells compared with free oxali-
platin [185]. The high intratumoral accumulation of NC-4016 micelles, combined with their
subcellular drug targeting, avoiding cytoplasmic detoxification systems and improving
intracellular delivery, allowed the formulation to overcome oxaliplatin resistance in vivo in
a human CRC model (HT29 and HT29/ox xenografts) [185].

In a mouse model of multiple liver metastases from murine colon adenocarcinoma
(C26 cells), mice treated with NC-4016 showed significant reduction in metastatic nodules
and liver weight compared with mice treated with oxaliplatin [186]. High levels of NC-4016
were found to accumulate in metastatic livers, producing a strong antitumor effect without
severe AEs, which was attributed to significantly higher accumulation of the micellar
formulation in the metastatic liver compared with oxaliplatin [186]. On the other hand,
distribution of the PMs in healthy livers was limited, demonstrating their selectivity for
tumor tissue [186].

The NC-4016 micelles, due to their small size, were able to penetrate poorly permeable
pancreatic tumors in mice [187] and to accumulate in orthotopic scirrhous gastric tumors,
inhibiting tumor growth and their lymph node metastasis [188]. Repeated systemic ad-
ministration of NC-4016 (2 mg/kg weekly, for 8 weeks) in a transgenic mouse model of
spontaneous murine pancreatic cancer inhibited the growth of primary tumors due to
efficient accumulation and penetration in tumor tissue and reduced the development of
metastases and ascites, preventing peritoneal metastasis and prolonging the survival of
mice [189]. The model used elastase-1-promoted luciferase and simian virus 40 T and t
antigens (EL1-luc/TAg) transgenic mice, which continuously express SV40 T oncogene,
and can gradually develop cancer and metastasis under viable immunity, angiogenesis,
and inflammation processes, consistent with the evolution of human pancreatic cancer,
thus avoiding altered microenvironment features present in allograft and xenograft tumor
models that may affect the behavior of nanocarriers [189].

Combination therapy with NC-4016 and NC-6300 (EPI micelles) provided higher
synergistic activity in mice bearing human gastric (44As3Luc cells) xenografts, exhibiting
higher antitumoral activity against the subcutaneous xenografts and improving OS in
the orthotopic tumor model compared with the combination EPI plus oxaliplatin, with
lower cardiotoxicity and neurotoxicity [190]. The intratumoral concentrations of EPI and
platinum were significantly higher upon administration of the PMs in comparison with the
conventional drug combination [190].

Functionalization of NC-4016 with the cRGD peptide has been performed based on
the peptide inhibitory activity against the development of metastasis and the cytotoxic
activity of the DACHPt-loaded PMs, and the capability of cRGD-installed NC-4016 PMs
for cooperatively inhibiting the formation and progression of lymph node metastasis was
assessed in a syngeneic melanoma model [191]. Both conjugated and non-conjugated
micelles showed comparable antitumor activity against the primary tumors and the estab-
lished metastatic foci in lymph nodes [191]. On the other hand, the conjugated micelles
significantly enhanced the efficacy against lymph node metastasis draining from primary
tumors through improved inhibition of melanoma cell migration due to the synergistic
effect [191].

Additional loading of NC-4016 PMs with gadolinium-diethylenetriaminpentaacetic
acid (Gd-DTPA), a magnetic resonance imaging contrast agent, was performed to obtain
a formulation suitable for simultaneous imaging and therapy in an orthotopic rat model
of hepatocellular carcinoma (N1-S1 rat hepatoma cells) [192]. The incorporation of drug
and contrast agent in the micelles corresponded to 45% and 5% of the carboxylic groups

176



Pharmaceutics 2024, 16, 1047

in PEG-b-p(Glu) copolymers, respectively, and the double-loaded nanocarrier had a size
of 33 nm. After a single injection of Gd-DTPA/DACHPt-loaded micelles into the hepatic
artery, the micelles achieved strong and specific tumor contrast enhancement, induced high
levels of tumor apoptosis, and significantly suppressed tumor size and growth without
severe AEs [192]. Survival rate was significantly improved compared with oxaliplatin and
saline control groups [192].

A phase 1 dose-escalation and pharmacokinetic study (NCT03168035) of NC-4016
(15–80 mg/m2 IV infusion over 2 h, every 3 weeks) in 34 patients with advanced solid
tumors or lymphoma was completed in 2017 but no results have been published yet.

5. Polymeric Micelles for Cancer Immunotherapy

Cancer immunotherapies, involving stimulation of innate and adaptive immune re-
sponses crucial to antitumor immunity, are mainly based on immune checkpoint inhibitors
(ICIs), such as antiprogrammed cell death protein 1 (PD-1) and antiprogrammed death-
ligand 1 (PD-L1) antibodies, cell-based therapies like engineered chimeric antigen receptor
T cells (CAR-T), and cancer vaccines [193]. However, in many solid tumors the success
of immunotherapy is often hampered by primary and acquired resistance. NP-based ap-
proaches to improve immune cell infiltration into the immunosuppressive TME have the
potential to enhance drug efficacy and overcome therapy resistance [193].

The cytosolic DNA sensing cyclic GMP-AMP synthase (cGAS)-stimulator of inter-
feron genes (STING) pathway represents a promising target for cancer immunotherapy.
STING is endogenously activated by 2′,3′-cyclic GMP-AMP (cGAMP), a cyclic dinucleotide
synthesized by cGAS in response to cytosolic DNA as a danger signal. Acute genomic
stressors induced by radiation, cisplatin, and intrinsic DNA damage are known to generate
cytosolic DNA responsible for cGAS-STING activation in cancer cells [194]. Activation of
STING by endogenous cGAMP or cGAMP agonists mediates a type-I interferon (IFN-I)
response that promotes the maturation and migration of dendritic cells, which in turn
presents tumor-associated antigens on major histocompatibility complexes to activate CD8+

T cells for tumor-specific cell killing [194,195].

ONM-501

ONM-501, developed by OncoNano Medicine (TX, Southlake, USA), is a dual-activating
polyvalent STING agonist comprising cGAMP loaded into PMs made from a STING-activating,
pH-sensitive diblock copolymer, (PEG)114-b-poly [2-(hexamethyleneimino)ethyl methacrylate]90
(PC7A), based on OncoNano OMNI™ proprietary polymer technology, part of the company’s
proprietary pH-activated micelle platform (ON-BOARD™).

The ultrapH-sensitive (UPS) PC7A copolymers (pKa 6.9), comprising ionizable seven-
membered ring heterocyclic tertiary amine side chains in the hydrophobic segment, exhibit
a highly cooperative protonation process upon pH-triggered self-assembly at a critical
micellization protonation degree (CMPD) of 0.85 [196]. Below the pH transition threshold
(pH < 6.9), the tertiary amine groups become highly protonated, and the micelles dissociate
into water-soluble cationic unimers (hydrodynamic diameters < 10 nm) while above the
threshold (pH > 6.9) the unimers are deprotonated and become hydrophobic, driving
the formation of core–shell PMs (hydrodynamic diameters around 30 nm) [196]. The
protonation cooperativity driven by the phase transition of PC7A copolymers occurs at a
sharp pH and turns the copolymers into pH-triggered “on–off” switchable nanocarriers due
to the bimodal proton distribution between highly protonated unimer (“on”) and neutral
micelle (“off”) states [196]. Thus, PC7A micelles are stable at physiological pH of 7.4,
preventing drug leakage and prolonging blood circulation while achieving instantaneous
payload release upon exposure to acidic microenvironments [196]. PC7A micelles have
been used in tumor vaccines to target early endosomal pH (6.5–7.0) for enhanced cytosolic
delivery of tumor antigens and crosspresentation to antigen-presenting cells (APCs) in
draining lymph nodes [197].
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Furthermore, the ability of PC7A copolymers to bind and activate STING through poly-
valent phase condensation led to elevated expressions of costimulatory molecules (CD86)
on dendritic cells and rapid release of type-I IFNs, boosting antitumor immunity for cancer
immunotherapy [197]. Thus, PC7A is a potent vaccine adjuvant, and PC7A nanovaccines
(0.5 μg antigen, 30 μg polymer) showed robust cytotoxic T cell response with low sys-
temic cytokine expression, significantly inhibiting tumor growth in multiple tumor mouse
models, including B16-F10 melanoma, colon cancer MC38, and human papillomavirus
(HPV)-E6/E7 TC-1 tumors upon subcutaneous injection 5 days after tumor inoculation,
followed by a booster shot 5 days later [197]. Combination of the STING-activating PC7A
nanovaccine with anti-PD-1 mAb, an immune checkpoint inhibitor, displayed a synergistic
effect with 100% survival over 60 days in a TC-1 tumor model. Rechallenging of the tumor-
free animals with TC-1 cells led to complete inhibition of tumor growth, suggesting that
nanovaccine-induced activation of memory T cells is responsible for the generation of a
long-term antitumor response [197]. Interestingly, intratumoral delivery of PC7A nanovac-
cine achieved stronger antitumor immunity and efficacy compared with subcutaneous
delivery [198].

Further studies demonstrated the polyvalent PC7A-induced phase condensation
mechanism for STING activation and revealed that PC7A binds to a non-competitive
surface-binding site on the protein distinct from the cGAMP-binding pocket (or other cyclic
dinucleotides), resulting in prolonged expression of interferon-stimulated genes (Ifnb1 and
Cxcl10) compared with the endogenous ligand, with PC7A retaining immune activity in
several cGAMP-resistant STING variants [199]. Moreover, cGAMP-loaded PC7A micelles
(2.5 μg/50 μg polymer), i.e., ONM-501, showed a synergistic antitumor immune response
in tumor-bearing mice, significantly improving long-term survival compared with either
free cGAMP (2.5 μg) or empty PC7A micelles (50 μg), upon intratumoral injection [199],
as well as in vitro synergistic STING activation in resected human tumors and lymph
nodes [199].

At physiological pH, ONM-501 micelles protect cGAMP from enzymatic degradation,
prevent drug leakage and systemic toxicity, and enable targeted endolysosome delivery
in the acidic pH of the TME through micelle dissociation, releasing both the endogenous
ligand and the STING-activating polymer, which produces dual “burst” and “sustained”
STING activation, observed across different species [195,200]. Increased IFNB1 and CXCL10
mRNA levels have been found in peripheral blood mononuclear cells (PBMCs) of rats,
mice, beagle dogs, cynomolgus monkeys, and humans after 24 h treatment with ONM-501,
consistent with STING activation [200].

Single- and multiple-dose toxicology studies in healthy rats and cynomolgus monkeys
showed that ONM-501 (7.5–30 mg/kg, subcutaneously) was well tolerated without severe
systemic AEs [201]. Dose-dependent increases in lymphocytes and cytokines were ob-
served, consistent with STING activation [202]. Pharmacokinetic and biodistribution stud-
ies (in vivo and ex vivo) revealed that systemic exposure of mice to ONM-501 (2.5 μg/50 μg
polymer) was lower after intratumoral administration than after subcutaneous admin-
istration to healthy mice, consistent with increased retention of both active moieties of
ONM-501 (cGAMP and PC7A) within tumors [202].

The combination of cGAMP canonical binding and PC7A polymer non-canonical
binding results in synergistic STING activation and provides potent antitumor efficacy in
multiple murine syngeneic tumor models, which was further enhanced by combination
with the anti-PD1 checkpoint inhibitor [201]. The combination regimen improved thera-
peutic outcomes compared with monotherapies, in both anti-PD1-sensitive (“hot”) and
-resistant (“cold”) models, and prolonged long-term survival over 100 days in 30%, 40%,
50%, and 80% of animals in MC38, CT26, B16-F10, and A20 tumor models, respectively.
Pharmacodynamic analysis showed enhanced tumor T cell infiltration and ONM-501-
upregulated PD-L1 expression in tumor tissue [201]. Moreover, tumor inhibition was
observed in both primary and distal MC38 tumors in the same animal after treatment with
ONM-501 (three intratumoral injections with 3-day interval), the systemic abscopal effect
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being confirmed by the reduction of lung metastasis in an immune “cold” triple-negative
orthotopic breast cancer 4T1 model [200]. ONM-501 has recently entered a first-in-human
multicenter phase 1, dose-escalation and dose-expansion study (NCT06022029) in patients
with advanced solid tumors and lymphomas, as intratumorally delivered monotherapy
and in combination with intravenous cemiplimab-rwlc (Libtayo®, Regeneron), an anti-PD1
mAb [196].

6. Polymeric Micelles for Cancer Diagnosis

Polymeric micellar formulations offer several advantages compared with small-molecule
contrast agents, including long blood-pool residence times, tumor accumulation by the EPR
effect, potential for cancer active targeting and triggered release of payloads, and tunable
biodistribution for enhanced contrast specificity between tumor and healthy tissues [28].

In cancer imaging-based diagnosis and monitoring, X-ray computed tomography
(CT), single-photon emission computed tomography (SPECT), magnetic resonance imag-
ing (MRI), positron emission tomography (PET), optical imaging, and ultrasonography
play important roles [22]. Tumor, node, metastasis (TNM) staging, objective response,
and left ventricular ejection fraction (LVEF) are relevant imaging biomarkers in clinical
oncology [22].

Moreover, these non-invasive and real-time imaging technologies provide valuable
information regarding nanomedicines’ pharmacokinetics and biodistribution, tumor ac-
cumulation and penetration, and drug release profile, once the appropriate formulation
for incorporation of imaging agents and the suitable imaging modality are chosen [28].
In this context, PMs are especially suited since these nanocarriers are able to incorporate
both chemotherapeutic drugs and imaging agents, providing a theranostic platform for
simultaneous diagnostic/imaging and therapeutic purposes in order to achieve customized
and personalized cancer therapy that maximizes drug specificity and efficacy [28].

Pegsitacianine

Pegsitacianine (ONM-100) is a pH-activable fluorescent PM made from amphiphilic
block copolymers from the proprietary ON-BOARD™ polymeric micelle platform (On-
coNano Medicine, Inc., Texas, USA), encapsulating indocyanine green (ICG), an FDA-
approved NIR fluorophore [203]. The ON-BOARD™ platform uses UPS block copolymers
based on PEG-b-PR, where PR is a hydrophobic polymer containing ionizable linear or
cyclic tertiary amine groups/side chains [203]. The payloads can be physically entrapped or
chemically bound to the polymeric micellar core, protected from systemic exposure [203].

The UPS block copolymers show positive cooperativity resulting from pH-triggered
hydrophobic micellization above a sharp pH threshold while at lower pH values the neutral
micelles dissociate into protonated dimers, releasing their payloads [204]. These binary
on/off switchable systems with a transistor-like response to pH, which allow fine tuning
of pKa and pH transition sharpness by changing the hydrophobic chain length and/or
alkyl substituents in the ionizable amino groups, provide useful probes for chemical and
biological sensing [204].

The UPS nanoprobe pegsitacianine is an optimized pH-activatable ICG-encoded
nanosensor (PINS) with a hydrodynamic diameter of 26.0 ± 1.1 nm, consisting of block
copolymers of hydrophilic PEG and a hydrophobic block of ethylpropylaminoethyl (EPA)
methacrylate and 2-aminoethyl methacrylate (AMA) random copolymers, p(EPA100-r-
AMA-ICG), synthesized using the atom transfer radical polymerization (ATRP) method,
and covalently conjugated to ICG via an amidation reaction between the AMA primary
amine groups and the N-hydroxysuccinimide (NHS) ester derivative of ICG [203]. The
PM is stable at physiological pH 7.4 and the fluorescence of ICG, sequestered within
the hydrophobic segments of the micellar core, is quenched during circulation in the
bloodstream due to homo-Förster resonance energy transfer (homo-FRET) between the dye
molecules [203]. However, at pH 6.9 the cooperative dissociation of the micelles into the
protonated unimers activates the fluorescent dye [203]. Thus, the nanoprobe allows the

179



Pharmaceutics 2024, 16, 1047

targeting of the acidic extracellular TME (pH 6.5–6.9), a metabolic hallmark common to
most solid tumors regardless of their histology or anatomic location, avoiding the use of
specific surface biomarkers with limited therapeutic utility due to genetic or phenotypic
heterogeneity [203]. The pH nanotransistor, with binary off/on response at a transition pH
of 6.9, amplifies the fluorescence signal in the tumor over that in the surrounding normal
tissues, with suppression of signal in blood (pH 7.4) [203].

Pegsitacianine (2.5 mg/kg IV injection 24 h prior to imaging) was able to detect a
broad range of human tumors (head and neck, breast, peritoneal metastasis, kidney, brain,
and pancreatic tumors) in mouse models using existing clinical cameras [203]. Furthermore,
pegsitacianine administration (2.5 mg/kg IV injection 12–24 h before surgery) to mice
bearing human head and neck HN5 or triple-negative 4T1 breast orthotopic tumors allowed
real-time tumor-acidosis-guided surgery (TAGS) of occult nodules (<1 mm3), significantly
improving mice survival [203]. In murine flank xenograft models of lung cancer, the
probe selectively labeled human adenocarcinoma (A549) as well as human squamous cell
carcinoma (H1264) xenografts, with mean tumor-to-background ratio (TBR) > 2.0 for both
histologic subtypes of lung cancer, according to NIR images 24 h after injection of 2 mg/kg
pegsitacianine and further confirmed by microscopic analysis of tumor sections [205].
Pegsitacianine (1 mg/kg, IV) was administered to patients undergoing lung cancer surgery
as part of an ongoing phase 2 trial (NCT05048082), now completed, and in the human
pilot study the nanoprobe localized pulmonary adenocarcinoma (TBR 2.7) and pulmonary
squamous cell carcinoma (TBR 2.4) in real time, corroborating successful clinical translation
as an IMI probe to label human lung cancer [205].

A phase 1 clinical trial in the Netherlands (EudraCT 2017-003543-38, the SHINE study)
exploiting metabolic acidosis in solid cancers using pegsitacianine for fluorescence-guided
surgery reported that a 1.2 mg/kg single IV infusion of the nanoprobe 24 h ± 8 h prior to
oncologic surgery was well tolerated and allowed visualization of four solid tumor types
(HNSCC, breast cancer, esophageal cancer, and CRC) in 30 patients, both in vivo and ex
vivo [206]. Among these patients, 13 subjects with HNSCC demonstrated that a fluorescent
lesion on the surgical specimen with a TBR > 1.5 was correlated to a tumor-positive
resection margin, detected directly after excision by fluorescence-guided intraoperative
imaging [207].

During intraoperative fluorescence imaging, pegsitacianine enabled visualization of
all the tumor-positive resection margins undetected during standard of care (SOC) surgery,
which correlated with the final histopathological evaluation, yielding 100% sensitivity and
no false negatives [206]. Moreover, additional occult lesions were identified via pegsitacia-
nine fluorescence in five patients that would have been missed in SOC surgery [206]. This
phase 1 study was the first to report a systemically administered probe displaying nanoscale
cooperativity to overcome metabolic and phenotypic variability between different patients
and tumors, with no overlap between tumor and background fluorescence [206].

In a non-randomized, open-label, phase 2 study (NCT04950166), administration of
a single IV dose of pegsitacianine (1 mg/kg) to 50 patients 24–72 h before cytoreductive
surgery and re-examination of the peritoneal cavity under NIR illumination following
surgery allowed identification of eventual fluorescent tissue, which was excised and eval-
uated by histopathology [208]. Among the 40 patients evaluable for clinically significant
events across six primary tumor types, residual disease was detected with pegsitacianine
in 20 (50%) of them, and the high rate of occult residual disease detected suggests that
the use of the probe can improve surgeon assessment and performance during cytore-
ductive surgery [208]. The probe showed high sensitivity and the absence of serious AEs,
with only transient non-anaphylactic infusion reactions reported in 28% of patients [208].
Pegsitacianine has received Breakthrough Therapy Designation by the FDA as an adjunct
for the visualization of metastatic disease in the peritoneal cavity in patients undergoing
cytoreductive surgery in 2022 and is ready for phase 3 clinical evaluation.
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7. Conclusions

Despite advancements in early detection and therapies, cancer remains a significant
global health issue with a high incidence and mortality rate. Conventional chemotherapy is
recognized as an effective and extensively used therapeutic option for most types of cancers.
However, lack of selectivity, side effects, toxicity, and drug resistance are the main concerns,
which can be potentially overcome by nanotechnology. Among nanoparticulate systems
targeted to cancer cells, PMs stand out, efficiently encapsulating poorly water-soluble
chemotherapeutic drugs, with their size, morphology, and solubility impacting circulation.
They are simple to manufacture, increase the efficiency of drug loading, and can be easily
customized and tailored to meet specific needs, which constitutes a distinct advantage
over other nanoparticulate DDSs. PEGylation, decoration with targeting moieties, charge
conversion, crosslinking of the core, and development of stimuli-responsive PMs have been
employed to avoid MPS uptake, ameliorate pharmacokinetic properties, improve cellular
internalization, and enhance selectivity of drug delivery towards cancer cells.

However, instability and a lack of economically viable production strategies restrict
clinical translation, which will require better management of the partnership between
the in vivo behavior and the physicochemical properties of PMs requiring an interplay
between various domains of knowledge like chemistry, physics, biology, and nanomedicine.
Nevertheless, several polymeric micellar formulations have entered clinical trials, and a
few have obtained regulatory approval, such as Genexol®-PM and Nanoxel®, which have
been in the clinic for almost twenty years.

Clinical failures of PMs may involve the payload, deficient tumor accumulation, the
selection of individuals with diverse demographics, and more advanced tumor progression.
Additionally, passive targeting by the EPR effect can differ significantly over time between
patients and different tumor types, as well as within the same patient population, which
could justify its publicized failure in the clinic. On the other hand, no animal model
can accurately replicate all the features of human malignancy. Another major concern
is the sustainable manufacture of high-quality clinical-grade PMs that adhere to Good
Manufacturing Practice (GMP) standards, and the clinical safety issues related to toxicity.

Future directions for a successful translational from preclinical demonstrations to
the multifunctional PMs loaded with anticancer drugs in the clinical setting may entail
(i) stratification of patients; (ii) improved target-driven design; (iii) combined applications
in the form of both multidrug nanomaterials and multimodal treatments; and (iv) advice
from regulators who can identify any potential problems affecting the approval of the
nanoformulation.
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Hungary; vincze.anna@semmelweis.hu (A.V.); szollath.rita.mariann@semmelweis.hu (R.S.);
balogh.gyorgy.tibor@semmelweis.hu (G.T.B.)

3 Center for Pharmacology and Drug Research & Development, Semmelweis University, Üllői u. 26.
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Abstract: Background: Nabumetone (NAB) is a poorly soluble nonsteroidal anti-inflammatory pro-
drug (BCS class II drug) whose solubility is significantly improved by complexation with cyclodex-
trins (CDs). Methods: The solid complexes, in a 1:1 molar ratio, were prepared by mechanochem-
ical activation by grinding, using β-cyclodextrin (β-CD) and its derivatives, hydroxypropyl- and
sulfobutylether-β-cyclodextrin (HP-β-CD and SBE-β-CD). The complexation was confirmed by differ-
ential scanning calorimetry (DSC), powder X-ray diffraction (PXRD), and attenuated total reflectance
Fourier-transformed infrared spectroscopy (ATR–FTIR). Obtained products were further charac-
terized regarding their solubility, in vitro dissolution, permeability and chemical stability. Results:
Co-grinding with HP-β-CD and SBE-β-CD yielded products that showed in vitro dissolution profiles
in hydrochloric acid medium (pH 1.2) that were substantially different from that of pure NAB, yield-
ing dissolution efficiency enhancements of 34.86 ± 1.64 and 58.30 ± 0.28 times, respectively, for the
optimized products. Their in vitro dissolution and gastrointestinal permeability were also studied in
a low-volume environment at pH 6.8, corresponding to the intestinal environment. Both β-CD deriva-
tives increased NAB dissolution rate and NAB mass transport across the biomimetic membrane. The
effect of β-CD derivatives on NAB chemical stability was studied under the stress conditions by the
developed and validated UHPLC–DAD–HRMS method. In acidic conditions, pure and complexed
NAB was prone to hydrolytic degradation, yielding one degradation product—pharmacologically
inactive NAB metabolite. However, under the oxidative conditions at elevated temperatures, 10 NAB
degradation products were identified from co-ground samples. All systems were stable during photo-
and long-term stability studies. Conclusions: NAB complexes with HP-β-CD and SBE-β-CD are
promising candidates for pharmaceutical product development.

Keywords: nabumetone; cyclodextrins; mechanochemistry; solid-state characterization; in vitro
permeability; in vitro dissolution; degradants; chemical stability

1. Introduction

Developing a new drug formulation is a demanding and complex procedure which
needs a detailed characterization of the system both in solution and in the solid state.
Cyclodextrins (CDs), a versatile family of cyclic oligosaccharides with a unique structure,
have gathered significant interest as excipients due to their potential to form inclusion
complexes [1]. These complexes can significantly enhance the solubility, chemical stability,
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and bioavailability of various drugs [2–4]. The biocompatibility, good tolerability, non-
immunogenicity, and functional versatility make CDs a valuable asset in pharmaceutical
formulations, particularly for newly emerging drug candidates with increasing molecular
mass, lipophilicity, and reduced water solubility [5]. They also offer a solution for reformu-
lating existing drugs with limited aqueous solubility, avoiding potentially irritant excipients
like cosolvents and surfactants, resulting in formulations with enhanced tolerability and
patient acceptance [6,7]. Numerous pharmaceutical products based on CDs have been
subjected to clinical trials or have already reached the global market [2].

Very recently, within the ongoing project on drug–CDs complexes with enhanced prop-
erties, we have presented the results of a comprehensive investigation of nabumetone/CDs
inclusion complexes in solution [8]. Since β-cyclodextrin (β-CD) and its derivatives in-
creased nabumetone (NAB) solubility due to the formation of 1:1 inclusion complexes, in
the continuation of our study on improving the solubility of poorly soluble drugs [9,10],
in this work, the preparation and characterization of NAB complexes in the solid state
is presented.

Solid drug/CD complexes, the starting material for dosage form development, may
be prepared from solution through crystallization, spray-drying, and lyophilization; in the
semisolid state by kneading; and in the solid state [11]. Considering the rising importance
of green chemistry approaches, solid-state methods are of great interest, as they eliminate
problems related to the low solubility and chemical instability of drugs in solution, as well
as the potential toxic effect of residual solvents. In this light, mechanochemical activation
by grinding appears as a fast, highly efficient, solvent-free, sustainable approach [12,13].
Furthermore, the grinding process may raise unconventional supramolecular interactions
that lead to novel molecular arrangements not observed in solution, providing significant
advantages in the formulation development [14].

Considering all the above, we applied mechanochemical activation by grinding to
prepare solid CD complexes of NAB, a poorly soluble nonsteroidal anti-inflammatory
prodrug (Figure 1). NAB exhibits a pharmacological effect via the metabolite 6-methoxy-
2-naphthylacetic acid and is administered orally to treat patients with osteoarthritis and
rheumatoid arthritis, showing comparable efficiency and better gastrointestinal tolerability
than other nonsteroid anti-inflammatory drugs [15,16]. While the interactions of CDs
and NAB have been extensively studied in solution [8,17–19], the systematic screening of
preparation methods for NAB/CDs complexes in the solid state represents a novel and
intriguing area of research. Previous studies have focused on methods like co-evaporation,
kneading, and coprecipitation [20], which are suitable for laboratory-scale preparation but
have limited potential for industrial application. In this study, a series of products were
prepared by grinding in a high-energy vibrational mill that employed different CD deriva-
tives and processing parameters to develop a product suitable for further formulation
development. With that aim, we have screened the efficiency of nabumetone co-grinding
with β-cyclodextrin (β-CD) as well as hydroxypropyl- and sulfobutylether-β-cyclodextrin
(HP-β-CD and SBE-β-CD, respectively) by changing the grinding time and the grinding
frequency. Complexes were prepared at an equimolar drug-to-cyclodextrin ratio, consid-
ering the results of a previous study performed by our group [8]. Differential scanning
calorimetry (DSC), powder X-ray diffraction (PXRD), and attenuated total reflectance
Fourier-transformed infrared spectroscopy (ATR–FTIR) were used to monitor the solid-
state interactions in the products prepared. Obtained products were further characterized
regarding their solubility, in vitro dissolution in the simulated gastric medium, and in vitro
permeability, and flux was analyzed using a MicroFLUX device equipped with an artifi-
cial biomimetic membrane. To assess the stability profile of the cyclodextrin complexes
obtained, forced degradation studies, employing oxidative, acidic, and basic conditions,
were performed. The structures of degradants were proposed based on the results obtained
using ultra-high-performance liquid chromatography coupled with high-resolution mass
spectrometry (UHPLC–HRMS). This enabled the performance of the photostability and
the long-term stability studies according to the ICH guidelines that, combined with other
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results, enabled the critical evaluation and selection of the complexes that were suitable for
further formulation development.

Figure 1. Structural formulas of nabumetone (NAB), β-cyclodextrin (β-CD), and their derivatives.

2. Material and Methods

2.1. Materials

Nabumetone (NAB) was purchased from Cayman Chemical (Ann Arbor, MI, USA). β-
cyclodextrin (β-CD), 2-hydroxypropyl-β-cyclodextrin (HP-β-CD, with an average degree
of substitution, DS = 4.5), and sulfobutylether sodium salt β-cyclodextrin (SBE-β-CD,
DS = 6.5) were obtained from CycloLab (Budapest, Hungary). Methanol and formic acid,
LC–MS grade, were purchased from Carlo Erba (Milano, Italy). Ultrapure water was
obtained from a Mili-Q Advantage A10 purification system (Merck, Darmstadt, Germany).
All other chemicals were of p.a. grade and used as received.

Hydrochloric acid medium (pH 1.2) and hydrochloric medium (pH = 1.2) containing
2% (w/V) sodium lauryl sulfate were prepared according to European Pharmacopoeia [21].

Analytical-grade solvents (hexane, dodecane, chloroform), L-α-phosphatidylcholine,
cholesterol, and all chemicals used for the buffer preparation were purchased from Merck
KGaA (Darmstadt, Germany). Phosphate-buffered saline solution (PBS solution; 0.01 M,
pH 6.8 and pH 7.4) was prepared by mixing 0.01 M monosodium phosphate solution
(0.01 M NaH2PO4, 0.0027 M KCl, 0.138 M NaCl) and 0.01 M disodium phosphate solution
together (0.01 M Na2HPO4, 0.0027 M KCl, 0.138 M NaCl), adjusting the pH with HCl.
The phospholipid solution needed for flux measurements was prepared by dissolving
16 mg phosphatidylcholine and 4 mg cholesterol in 600 μL solvent mixture (70:25:5 V/V
hexane:dodecane:chloroform).

2.2. Complex Preparation in the Solid State
2.2.1. Complex Preparation by Grinding

Cyclodextrin complexes of NAB were prepared by neat-grinding (NG) in a high-energy
vibrational ball mill (Mixer Mill MM 500 control, Retch, GmbH, Germany), employing
β-CD, HP-β-CD, and SBE-β-CD in equimolar ratios to the drug, in line with previous
results [8]. Then, 6 g sample batches were prepared using 50 mL grinding jars coated
with ZrO2, equipped with 15 5 mm and 15 10 mm grinding balls made of the same
material. The grinding was performed at a controlled temperature of 20 ◦C, applying the
different grinding periods of up to 120 min in cycles comprising 1 min grinding at 5 Hz
to homogenize the product followed by 15 min grinding at a frequency of 20 or 30 Hz to
achieve complexation. The drug alone was also subjected to the same procedure at 20 Hz
to evaluate the effect of mechanochemical activation on the physicochemical properties
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of the drug. The obtained products were transferred to the airtight glass containers and
stored in a desiccator at room temperature until further analysis.

2.2.2. Complex Preparation by Co-Evaporation

Cyclodextrin complexes of NAB were also prepared by co-evaporation, according to
the previously described method [20]. Briefly, 0.05 g of NAB was dissolved in 20 mL of
concentrated ethanol, while an equimolar amount of CD in question was dissolved in the
same volume of purified water. Then, both solutions were mixed, and the solvent was
removed using an IKA KS 4000i control thermostated orbital shaker (IKA-Werke GmbH &
Co., Staufen, Germany) operating at 50 ◦C with gentle mixing at 100 rpm. The drug alone
was also subjected to the same procedure by omitting CDs from the preparation to evaluate
the effect of co-evaporation on the physicochemical properties of the drug. The obtained
products were transferred to the airtight glass containers and stored in a desiccator at room
temperature until further analysis.

2.3. Solid State Analysis

Differential scanning calorimetry (DSC) was performed on a Perkin-Elmer Diamond
differential scanning calorimeter (PerkinElmer, Inc., Waltham, MA, USA) calibrated with
indium (99.98% purity; melting point 156.61 ◦C and fusion enthalpy of 28.71 J/g). The
samples were accurately weighted into aluminum pans (1–3 mg, Mettler M3 Microbalance,
Germany), sealed with pierced lids, and scanned under the inert atmosphere (nitrogen
purge of 25 mL/min), employing a heating rate of 10 ◦C/min over the temperature range
of 25–120 ◦C. The relative degree of drug crystallinity (RDC) in the samples was calculated
according to Equation (1):

RDC =
ΔHsample

ΔHdrug
× 100% (1)

where ΔHsample and ΔHdrug are the fusion enthalpies of the NAB in the product (normalized
to the drug content) and the pure drug, respectively. Measurements were carried out in
triplicate, and the relative standard deviation of crystallinity data was <1.0%.

Powder X-ray diffractograms (PXRD) of the starting compounds and co-ground
products were recorded using a Malvern Panalytical Aeris diffractometer with Bragg–
Brentano geometry (Malvern Panalytical LTD, Malvern, UK) with a copper anode (CuKα,
1.5406 Å) as a radiation source, a Ni filter, and a PIXcel1D-Medipix3 detector at room
temperature on a silicon support. The intensity of the diffracted radiation was recorded by
continuous scan in the range of 2θ values from 5 to 50◦ employing the scanning speed of
0.022 ◦/s, where the counter remained at a single point for 18.87 s. The Kα1/Kα2 intensity
ratio was 0.5, the working voltage of the tube was 40 kV, and the cathode was heated with
a current of 15 mA.

Attenuated total reflection infrared spectra (ATR–FTIR) spectra of the samples were
recorded in the wave number range 4000–400 cm–1, with an optical resolution of 2 cm–1,
using a Bruker Vector 22 IR spectrometer (Bruker Optics GmbH, Ettlingen, Germany)
equipped with a Pike MIRacle ATR mount with diamond/ZnSe surface. All measurements
were performed at ambient conditions by averaging 32 independent scans. The obtained
spectra were further processed using the Opus 6.0 computer program, which applied ATR
and background correction. Finally, the spectra were smoothed with the Savitzky–Golay
algorithm through 25 data points.

2.4. Solubility and In Vitro Dissolution Study at pH 1.2

The saturated solubility of NAB and prepared co-ground products with CDs was
determined by adding 30 mg of the drug or the equivalent amount of co-ground CD
complex to 15 mL of the medium, which included a hydrochloric acid medium (pH = 1.2),
a hydrochloric medium (pH = 1.2) containing 2% (w/V) sodium lauryl sulfate, and a series
of aqueous methanolic solutions (5–40%, V/V). The flasks were hermetically sealed and
shaken at 120 rpm in an orbital shaker thermostated at 37 ◦C (IKA® KS 4000 i control,
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IKA-Werke GmbH & Co. KG, Staufen, Germany). After 24 and 48 h, the sample aliquots
were filtered using Cromafil®Xtra PES 20/25 membrane filter (Macherey-Nagel GmbH
& Co. KG, Düren, Germany) and spectrophotometrically assayed at λ = 230 nm (Agilent
Carry 60 spectrophotometer Agilent Technologies, Inc. Santa Clara, CA, USA) to determine
the amount of dissolved drug [22]. Preliminary studies demonstrated that NAB did not
adsorb to the filters used to separate the undissolved solids. The experiment was performed
in triplicate for each sample.

The in vitro dissolution of NAB from the prepared solid systems was investigated
using the mini paddle setup of the Agilent 708-DS Dissolution Apparatus (Agilent Tech-
nologies, Inc., USA). The sample quantity containing 250 mg of NAB was added to 125 mL
of the dissolution medium, thermostated at 37 ◦C, and stirred at 100 rpm. At preselected
time intervals (2, 5, 10, 15, 20, 30, 45, and 60 min), 5 mL aliquots of the dissolution medium
were sampled and immediately replaced with the same volume of fresh medium, ther-
mostated at 37 ◦C, to provide a constant volume of the dissolution medium during the
experiment. Collected aliquots were filtered through Cromafil®Xtra PES 20/25 membrane
filter (Macherey-Nagel GmbH & Co. KG, Düren, Germany) with 0.20 μm pore size and spec-
trophotometrically assayed for drug content as described above. The test was performed
in triplicate (CV < 5.0%) for each sample. A correction was applied for the cumulative
dissolution caused by adding the fresh dissolution medium.

The obtained in vitro dissolution profiles were characterized by calculating the disso-
lution efficiency (DE) parameter according to Equation (2):

DE60 min =

∫ t
0 Qdt

Q100% × t
× 100 (2)

where Q is the percentage of the dissolved drug and t is the examined dissolution time [23].
Furthermore, a model-independent similarity factor f 2 was used to compare the in vitro
dissolution profiles, calculated according to Equation (3):

f2 = 50 × log

⎧⎨
⎩
[

1 +
1
n

n

∑
t=1

(Rt − Tt)
2

]−0.5

× 100

⎫⎬
⎭ (3)

where n is the number of time points and Rt and Tt are the dissolution value of the reference
and test product, respectively, at time t [24].

2.5. In Vitro Assessment of Dissolution–Absorption Processes in a Low-Volume Environment
2.5.1. In Vitro Dissolution Study at pH 6.8

For the in vitro dissolution studies, 20 mg of the samples (NAB, NAB/HP-β-CD
GR 30 Hz/90 min, NAB/SBE-β-CD GR 30 Hz/120 min) were placed into small vessels
containing 20 mL PBS solutions (pH 6.8, modeling the intestinal fluid). Measurements were
carried out in triplicate. The suspensions were stirred at 300 rpm for only the first 6 h; then,
they were allowed to settle for the remaining time. UV spectra were recorded by immersing
the UV probes of a Rainbow R6 dynamic dissolution monitor (pION Inc., Billerica, MA,
USA) over 24 h. The thermodynamic solubility of each sample was determined as the
equilibrium concentration reached in this time period.

2.5.2. In Vitro Gastrointestinal Permeability and Flux Measurements

The flux of nabumetone in different formulations was measured using a MicroFLUX
device (pION Inc., USA), consisting of two low-volume absorption chambers and a sepa-
rating PVDF membrane disk (0.45 μm pore size, 1.54 cm2). First, the membrane disk was
wetted with 20 μL phospholipid solution to create a gastrointestinal biomimetic membrane.
The donor chamber was filled with 20 mL PBS pH 6.8 solution. Meanwhile, the acceptor
chamber was filled with the same amount of 1 mM SBE-β-CD solution (dissolved in PBS
pH 7.4) to ensure sink conditions throughout the measurement. Then, a magnetic stirrer
bar was placed in both chambers. At the start of the experiment, 20 mg of the sample (NAB,
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NAB/HP-β-CD GR 30 Hz/90 min, NAB/SBE-β-CD GR 30 Hz/120 min) was added to
the donor chambers, and the stirring was immediately started. All measurements were
carried out in triplicate at 37 ◦C and 300 rpm stirring. The UV–Vis data of each chamber
were recorded by immersing the UV probes of a Rainbow R6 dynamic dissolution monitor
(pION Inc., USA) over a 4-hour period.

Flux was calculated using Equation (4):

J(t) =
Δn
×Δt

(4)

where J is the flux
(

mol
cm2 ·s

)
, n is the amount of drug crossing the membrane (mol), A is the

area of the membrane (1.54 cm2), and t is the time (s).
Permeability was calculated using Equation (5):

Pa =
J(t)

cD(t)
(5)

where Pa is the apparent permeability (cm/s) and cD(t) is the donor concentration at
4 h (mol/cm3).

2.5.3. UV–Vis Spectroscopy

The concentrations of NAB in the in vitro solubility (pH 6.8) and flux measurements
were determined using a Rainbow R6 dynamic dissolution monitor (pION Inc., USA). The
six UV–Vis immersion probes were equipped with 10 mm pathlength tips. Spectra were
recorded in the 220–500 nm wavelength range. Concentration was calculated using the
AuPRO 7.1 software (pION Inc., USA) based on a calibration curve generated prior to the
measurements.

2.6. Stability Testing of Prepared Cyclodextrin Complexes
2.6.1. Stress Conditions

A stock solution of NAB was prepared in MeOH, LC–MS grade (1 mg/mL), while
those of the CD complexes were prepared in a 1:1 mixture of MeOH and H2O (1 mg/mL).
Forced degradation was performed under the following conditions: pure water, 2 M HCl,
2 M NaOH, and 3% H2O2 at 80 ◦C for 10 h and, in the case of oxidative degradation, at
room temperature for 7 days.

2.6.2. Photostability Study

NAB and the complexes were sieved in glass petri dishes (φ = 50 mm) to produce
a 1 mm thin layer. The control samples were prepared in the same way, but the petri
dish was covered and wrapped with aluminum foil. All samples were put in stability
chambers and exposed for 141.2 h to a daylight source (8.5 Klux) and 40 h to a UV source
(5 W/m2) to ensure that standard ICH Q1B photostability testing conditions were achieved,
i.e., 1,200,000 lux h and 200 W H/m2 [25].

2.6.3. Long-Term Stability

NAB and co-ground NAB/CD solids (200 ± 50 mg) were added to Eppendorf tubes
and placed in a stability chamber (Memmert ICH110L eco) at 25 ◦C and 60% relative
humidity (RH). Samples were collected and analyzed after 0, 1, 2, 3, 6, and 9 months.
Next, 5 mg of NAB (10 mg of the complex) was dissolved in 5 mL of MeOH in the 10 mL
flask using an ultrasonic bath. Water was then added until the volume reached the mark.
The mass of the samples was corrected for the moisture content determined by dynamic
thermogravimetric measurement at 10 ◦C/min using Discovery TGA 550 (TA Instruments,
New Castle, DE, USA). All samples were analyzed in triplicate.
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2.7. Chromatographic and MS/MS Measurements

Stability-indicating UHPLC–DAD (Agilent 1290 infinity II) and UHPLC–HRMS (Agi-
lent 6550 iFunnel Q-TOF) methods were developed and validated for the quantitative deter-
mination of NAB and its degradation products (Supporting Information, Tables S1 and S2).
Chromatographic separation was achieved on Agilent ZORBAX RRHD Eclipse Plus C18
column (2.1 × 50 mm, 1.8 μm) in gradient mode using a mobile phase consisting of 0.1%
formic acid in water (solvent A) and in methanol (solvent B), with the flow rate set to
0.20 mL/min. The injection volume was 1 μL. NAB was detected at 231 nm. MS/MS
experiments were conducted in ion-positive mode using N2 as a collision gas. All samples
were filtered through a Chromafil O-20/15 MS filter before LC–DAD and LC–MS analyses.
The NAB concentration in MeOH:H2O 1:1 working solutions amounted to 2 μg/mL.

2.8. Statistical Analysis

Data plotting and statistical analysis were carried out using GraphPad Prism 8.0.1.
software. For evaluating significant differences, one-way ANOVA with Tukey’s multiple
comparisons post hoc test was used (p < 0.05).

3. Results and Discussion

3.1. Preparation and Solid-State Characterization of Cyclodextrin Complexes

As the employed complex preparation method has a crucial role in the structural
features and performance of the cyclodextrin product obtained, the efficiency of co-grinding,
as a solid-state-based approach, was compared to that of the co-evaporation, a solution-
based method. DSC and XRPD were used to characterize the co-evaporated and the co-
ground products. It was previously postulated that the combined use of the complementary
analytical techniques is a powerful tool to examine drug/CD interactions in the solid state,
to select the most effective preparation technique, and to optimize the processing conditions
of the complex preparation. The interactions in the co-evaporated and co-ground products
were further analyzed by ATR–FTIR [11].

The DSC thermogram of NAB presented a sharp exothermic peak with an onset
temperature of 80.9 ◦C and a fusion enthalpy of 139.0 J/g (Figure 2), corresponding to the
melting of crystalline polymorphic form I of the drug [26,27]. This result was confirmed by
XRPD analysis (Figure 2), which presented a diffractogram with numerous sharp peaks at
2θ values of 7.96, 8.60, 17.18, 17.75, 18.07, 18.48, 19.83, 21.51, 24.40, 26.94, and 27.31◦, which
are typical for the NAB’s polymorphic form I [27,28]. The grinding of pure NAB did not
significantly change its physicochemical properties. Although a slight reduction of drug
residual crystallinity was observed (Table S3), the drug remained in the same polymorphic
form. Namely, two polymorphic forms are described for NAB [26–29]. Polymorph II is
a metastable form that transforms into the more stable form I upon slight mechanical
contact. Form I is characterized by the onset of melting at a temperature of around 80 ◦C.
In comparison, form II is characterized by melting at a temperature of around 65 ◦C [26,28].
Furthermore, these two forms can also be distinguished based on XRPD diffractograms,
whereby form II is characterized by typical peaks at 6.50, 9.77, 13.04, and 19.61◦, which
were not observed in the diffractograms of ground NAB (Figure 2). During the grinding,
the mechanical energy may be transferred to the treated material by impact or shearing,
depending on the number and diameter of the grinding balls. In general, when milling is
performed using a large number of smaller balls, as was the case in our experiments, the
main mechanism of the energy transfer is the shearing. The transferred energy first reduces
particle size to a critical threshold. Further energy input causes the amorphization of the
treated material, increasing the molecular mobility and reactivity of the sample [30,31].
However, this state is unstable, and the mechanochemically activated system tends to
stabilize, which, in the case of NAB, leads to the formation of the most stable polymorphic
form I. At the same time, only a small fraction of the sample remains in the amorphous form,
as suggested by the RDC values presented in Table S3. Furthermore, the co-evaporation
procedure also had only a minor impact on the crystallinity of the drug, showing a similar
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reduction in RDC as observed for the ground NAB. The drug retained the most stable
crystalline form in this sample, presenting a DSC curve and XRPD diffractogram typical
for the polymorphic form I of NAB (Figure 2).

Figure 2. DSC thermograms (left) and XRPD diffractograms (right) of starting compounds (NAB and
β-CD), ground and co-evaporated drug (NAB GR and NAB COE), physical mixture (NAB/β-CD
PM), and complexes obtained by co-grinding (NAB/β-CD GR) and co-evaporation (NAB/β-CD
COE). The results for the systems prepared with HP-β-CD and SBE-β-CD are presented in Supporting
Information (Figures S1 and S2, respectively).

When the grinding was performed in the presence of cyclodextrins, a different degree
of drug amorphization was observed, depending on the cyclodextrin type and the applied
processing parameters (Table S3). The lowest degree of amorphization was obtained for
the co-ground NAB with β-CD, presenting an RDC of 67.8%. Furthermore, in the case of
NAB complexes with β-CD, co-evaporation appears as a more efficient technique, yielding
a product with an RDC value of 26.6%. Grinding with HP-β-CD and SBE-β-CD was more
efficient in establishing the solid-state interaction among the treated compounds, depending
highly on the applied grinding frequency. After 120 min of grinding at 20 Hz, the RDC for
the NAB/HP-β-CD was 75.1%, while processing for the same period but at 30 Hz resulted
in a completely amorphous product, as shown by DSC and XRPD analysis (Figure 2).
However, the consistency of such product was changed, and it remained compacted on
the walls of the grinding jars, which caused the product to be difficult to collect. Therefore,
the grinding time was intentionally reduced to 90 min, giving a powdered product with
an RDC value of 49.2%. For comparison, the RDC in the NAB/HP-β-CD sample prepared
by co-evaporation was 96.9%, clearly underlying the superior efficiency of the co-griding
process in establishing efficient solid-state interactions among the drug and cyclodextrin
used. Similar behavior was observed when grinding was performed with SBE-β-CD:
processing at the lower grinding frequency (i.e., 20 Hz) for 120 min yielded a product
where RDC was 84.3%, while increasing the grinding frequency for the same grinding
period resulted in a product with RDC of 59.7%. On the contrary, the co-evaporation of
NAB with SBE-β-CD resulted in a product with an RDC of 66.7% (Table S3). Furthermore,
in all products with cyclodextrins, regardless of the preparation method employed, the
residual drug fraction did not change the polymorphic form, presenting the most stable
form—form I—as evident from DSC and XRPD results (Figure 2).

The starting components, their physical mixtures, and solid complexes prepared by
grinding were further analyzed by ATR–FTIR spectroscopy. The ATR spectra are given
in Figures S3–S5, while the assignation of vibrational bands is in Tables S4–S6. As can
be seen, the ATR spectra of the physical NAB/β-CD mixture corresponded to the sum
of the spectra of individual components. However, in the ATR spectra of the NAB/β-
CD complex prepared by grinding, the shift of characteristic NAB bands, which were
previously assigned by P. Govindasamy and S. Gunasekaran [32], to higher wavenumbers
was observed, namely, from 1705 to 1706 cm–1 (ν(C=O)) and from 1633 and 1228 to 1635 and
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1230 cm–1 (ν(CC) and τ(HCOC), respectively). In addition, a decrease in band intensities
was also observed, indicating the formation of inclusion complexes in the solid state [11,33].

By inspecting the ATR spectra obtained for complexes with CD derivatives
(Figures S4 and S5), the similarity with the above-mentioned system can be easily ob-
served. The spectra of physical mixtures are the superposition of those of pure components,
while, in the ATR spectra of complexes, the shift and diminishing of NAB vibrational bands
intensities were noticed.

The FTIR analyses of complexes prepared by the co-evaporation method reveals the
fact that the preparation of the NAB-HP-β-CD complex by grinding was more efficient
(Figures S6–S8).

During the grinding, the solid-state interactions between NAB and the cyclodex-
trin employed are mediated by an amorphous solid phase, allowing greater molecular
mobility and the establishment of inclusion and non-inclusion interactions between the
compounds [30]. As parent β-CD presents a very strong crystal lattice due to intramolec-
ular hydrogen bonding among the adjacent glucopyranose units’ C2 and C3 hydrogen
groups, its potential for amorphization is significantly reduced. Because of that, solid-
state interaction in the NAB/β-CD sample during the grinding is restricted, resulting
in a product with a high fraction of RDC. A careful observation of Figure 2 reveals that
most residual diffraction peaks in the NAB/β-CD GR sample are typical of β-CD. The
weaker potential of β-CD to form effective solid-state interactions with the drug during
co-grinding has also been observed with other drugs, while amorphous CD derivatives
appear more effective [12,34–36]. In line with this, a relatively high RDC observed in the
case of NAB/SBE-β-CD was somewhat surprising (Table S3). However, even if the product
contains a significant fraction of residual crystalline drug, it could be readily converted into
an inclusion complex upon dissolution in water, as demonstrated by Jablan et al. [35].

3.2. Solubility and In Vitro Dissolution Properties of the Co-Ground Complexes

In vitro dissolution tests are crucial in drug dosage form development, quality control,
and regulatory approval [37]. They are widely used to mimic and predict the in vivo
performance of oral dosage forms in the gastrointestinal tract [38]. Media selection is critical
when designing in vitro dissolution methods. Selected media should simulate human
gastrointestinal fluid to provide an in vitro–in vivo correlation, enabling the development
of clinically relevant dissolution methods. At the same time, the selected medium should be
as simple as possible to avoid possible analytical interferences [39]. The US Pharmacopeia
prescribes a 2% aqueous sodium lauryl sulfate (SLS) solution as a dissolution medium for
NAB tablets [40]. Such a medium has been successfully applied to test the dissolution of
micronized nabumetone prepared by a rapid expansion supercritical solution process [22].
To provide more relevant conditions to those encountered in the stomach, we have opted
to modify this procedure using a hydrochloric acid medium prepared according to the
prescription in monograph 5.17.1. Recommendation on dissolution testing of the European
Pharmacopoeia [21], with or without 2% SLS. To assess the suitability of such media, we
first tested the solubility of NAB and prepared co-ground products with cyclodextrins in
such media. The obtained results are presented in Figure 3.

The solubility of tested samples in a hydrochloric acid medium clearly demonstrates
the benefits obtained by the cyclodextrin complexation of NAB by grinding, increasing
NAB solubility from 14.6 times in the case of β-CD complex up to 26.2 times for SBE-β-CD
complexes. These results align with those observed by the phase solubility studies reported
in our previous publication [8]. However, when a hydrochloric medium containing 2%
(w/V) SLS was employed, the increase in NAB solubility brought up by cyclodextrin com-
plexation was absent, probably due to the competition of SLS for inclusion complexation
with CDs, thus displacing the drug from the complex [41]. In this light, the SLS-containing
medium does not seem appropriate for the in vitro dissolution testing of CD complexes of
NAB. Furthermore, the addition of an organic solvent like methanol was also considered;
however, as organic solvent content in the dissolution medium is restricted to below 5%
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(V/V), such an approach did not yield any substantial increase in NAB solubility. There-
fore, we have performed the in vitro dissolution studies in non-sink conditions using a
hydrochloric acid medium without surfactants, employing conditions reflecting drug dose
intake (i.e., 500 mg of NAB) with a glass of water (i.e., 250 mL). The performance of the
experiments in such conditions enabled the assessment of cyclodextrin’s performance in the
worst-case scenario that may occur during the drug dissolution upon oral administration
in vivo. The observed in vitro dissolution profiles of NAB and co-ground CD complexes in
such conditions are presented in Figure 4.

Figure 3. Saturation solubility of NAB and co-ground CD complexes in a hydrochloric acid medium
pH 1.2 and a hydrochloric acid medium pH 1.2 with 2% (w/V) sodium lauryl sulfate (insert) at
37 ◦C. One asterisk (*) denotes a statistically significant difference (p < 0.05) compared to pure
NAB, two asterisks (**) denote a statistically significant difference (p < 0.05) compared to β-CD
complex, and three asterisks (***) denote a statistically significant difference (p < 0.05) compared to
HP-β-CD complex. Sample codes: NAB (A), NAB GR (B), NAB/β-CD GR (C), NAB/HP-β-CD GR
20 Hz/120 min (D), NAB/HP-β-CD GR 30 Hz/90 min (E), NAB/SBE-β-CD GR 20 Hz/120 min (F),
and NAB/SBE-β-CD GR 30 Hz/120 min (G).

Figure 4. In vitro dissolution profiles of NAB and its co-ground products with CDs in hydrochloric
acid medium at 37 ◦C.

The dissolution efficiency (DE) parameter, defined as the ratio of the area under the
dissolution curve up to a testing time point to the area of the rectangle that describes
100% dissolution up to the same time point, was employed to characterize the obtained
dissolution profiles. This enabled the calculation of the dissolution enhancement factor,
defined as the ratio between the DE of the co-ground sample and the DE of the pure drug.
The values obtained are presented in Table 1.
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Table 1. Processing parameters, dissolution efficiency, and dissolution enhancement factor for the
prepared co-ground samples.

Sample Cyclodextrin
Grinding

Frequency (Hz)
Grinding

Time (min)
Dissolution

Efficiency (%)
Dissolution

Enhancement Factor

NAB - - - 0.17 ± 0.03 -
NAB GR - 20 120 0.26 ± 0.03 1.53 ± 0.19

NAB/β-CD GR β-CD 20 120 3.70 ± 0.23 21.94 ± 1.35
NAB/HP-β-CD GR 20 Hz HP-β-CD 20 120 5.87 ± 0.28 34.86 ± 1.64
NAB/HP-β-CD GR 30 Hz HP-β-CD 30 90 5.81 ± 0.04 34.49 ± 0.26
NAB/SBE-β-CD GR 20 Hz SBE-β-CD 20 120 9.83 ± 0.05 58.30 ± 0.28
NAB/SBE-β-CD GR 30 Hz SBE-β-CD 30 120 8.30 ± 0.41 49.25 ± 2.45

To further evaluate the efficiency of co-ground products with CDs in enhancing the
dissolution of NAB, the similarity factor f 2 was calculated using a model-independent
mathematical method. Several FDA and EMA guidelines adopted the f 2 comparison as a
criterion to estimate the similarity between two in vitro dissolution profiles. The two drug
products are considered similar when the f 2 value falls between 50 and 100, where an f 2
of 100 signifies that the two profiles are identical, while an average variation of 10% at all
determined time points leads to an f 2 value of 50 [24].

Pure NAB’s in vitro dissolution profile is characterized by low dissolution efficiency
due to its poor solubility in an aqueous medium (Table 1). The ground NAB sample
presented almost the same dissolution profile (f 2 = 99.62 ± 0.23) and only an insignifi-
cant increase in dissolution efficiency (p > 0.05), in line with the lack of significant drug
amorphization obtained by grinding. Co-grinding with CDs significantly increased the
dissolution efficiency of the drug, depending on the employed CD derivative and applied
grinding conditions. However, in the case of the NAB/β-CD sample, the observed dissolu-
tion enhancement did not lead to a substantially different dissolution profile, presenting an
f 2 of 58.32 ± 1.15 compared to pure NAB. Only grinding with HP-β-CD and SBE-β-CD
yielded products that showed dissolution profiles that were substantially different from
that of pure NAB (f 2 values were 48.61 ± 0.76, 48.74 ± 0.16, 37.13 ± 0.05, and 40.87 ± 0.87
for HP-β-CD and SBE-β-CD complexes ground at 20 and 30 Hz, respectively). Interest-
ingly, complexes prepared with the HP-β-CD at different grinding frequencies presented
identical in vitro dissolution profiles, irrespective of the different amorphization degrees of
the drugs obtained (Table 1, f 2 = 93.90 ± 3.38). In the case of co-ground complexes with
SBE-β-CD, an anomalous behavior was observed, where the product prepared by grinding
at 20 Hz (characterized by a lower degree of nabumetone amorphization) presented a
higher dissolution enhancement index than that obtained at 30 Hz, which contained a
higher fraction of the amorphous drug (Table 1). Such unusual behavior may be attributed
to more pronounced product compaction, as discussed earlier.

3.3. In Vitro Dissolution and Gastrointestinal Permeability Studies in a Low-Volume Environment

An in vitro assessment of dissolution–absorption processes was performed using a
device consisting of a low-volume absorption chamber separated from a low-volume donor
chamber with a biomimetic gastrointestinal tract permeation membrane. This device is
proposed as a valuable tool for understanding the complex interplay between solubility,
permeability, and dissolution rate in vitro, enabling the prediction of in vivo outcomes [42].

3.3.1. In Vitro Dissolution Study at pH 6.8

As Figure 5 shows, the cyclodextrins-containing nabumetone samples presented a
greater dissolution rate than the API alone, as equilibrium was reached within 9 min and
50 min for NAB+HP-β-CD and NAB+SBE-β-CD, respectively. Meanwhile, NAB reached
equilibrium only after 1.5 h. The equilibrium concentrations at 24 h were the following:
21.02 μg/mL for NAB, 35.53 μg/mL for NAB+HP-β-CD, and 43.41 μg/mL for NAB+SBE-
β-CD. The different solubilities with respect to that observed in the hydrochloric medium
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may be attributed to a different ionic composition of the media [43]. Regardless, SBE-β-CD
was shown to be the most effective solubilizing agent, allowing the highest concentration
of nabumetone in the aqueous medium.

Figure 5. The 4-hour dissolution profiles of NAB (A), NAB/HP-β-CD 30 Hz/90 min (E), and
NAB/SBE-β-CD 30 Hz/120 min (G) in PBS, pH 6.8, at 37 ◦C (left) and the thermodynamic solubility
of the samples at 24 h (37 ◦C, PBS pH 6.8) (right). Significant differences are indicated with an asterisk:
* p < 0.05 (n = 3, one-way ANOVA, Tukey’s multiple comparisons test).

3.3.2. In Vitro Gastrointestinal Flux and Permeability Measurements

The fluxes of dissolved NAB across the biomimetic membrane are presented in
Figure 6, clearly presenting the enhanced mass transport observed in the case of co-ground
CD products. The higher solubility of NAB/HP-β-CD and NAB/SBE-β-CD created a
higher local concentration of the drug available for the permeation, thus increasing the
drug thermodynamic activity at the membrane, resulting in higher flux values [44]. This
is significant, as it may enable faster achievement and higher levels of maximum drug
plasma concentration, thus leading to a faster onset of drug action, as observed in the case
of the CD complexes of piroxicam [45]. However, the apparent permeability coefficients for
co-ground products with HP-β-CD and SBE-β-CD appeared lower than that of the pure
drug. It should be noted that this result is only a consequence of higher drug concentrations
in the donor compartment, as observed by in vitro dissolution studies (Figure 5). In line
with this, the observed flux values appear more relevant in predicting the effect of CDs on
the intestinal absorption of the drug from the tested formulations.

Figure 6. In vitro gastrointestinal flux (left) and permeability (right) of NAB (A), NAB/HP-β-CD
30 Hz/90 min (E), and NAB/SBE-β-CD 30 Hz/120 min (G). Significant differences are indicated with
an asterisk: * p < 0.05 (n = 3, one-way ANOVA, Tukey’s multiple comparisons test).

3.4. Effect of Cyclodextrins on NAB Chemical and Photochemical Stability

The stability of active pharmaceutical ingredients and their formulations is a critical
parameter that ensures their safety and efficacy. Previously, it was shown that β-CDs
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can influence the chemical stability of a drug by increasing or even decreasing its stabil-
ity [4,9,46]. Therefore, in the continuation of our study, based on the in vitro dissolution
results, the stability of pure and co-ground NAB, CDs, and NAB complexes with HP-β-CD
and SBE-β-CD was investigated. Before analysis, to be able to characterize and identify
NAB degradation products [47], the stability-indication UHPLC–DAD–MS method for
the quantitative determination of NAB in the presence of its degradation products was
developed and validated (Tables S1 and S2). For that purpose, stress tests were performed
in hydrolytic (acidic, neutral, and basic) and oxidative conditions both at room temperature
and 80 ◦C.

At first, the analysis of pure NAB was performed. The total ion current chromatogram
(TIC) of NAB and its MS spectrum are shown in Figures S9 and S10. The base peak (m/z
171) corresponds to the NAB in-source fragment ion, previously described by Valero and
Costa [48] and by Wolff et al. [49], while peaks at m/z 229 and 251 to [NAB+H]+ and
[NAB+Na]+ ions, respectively. All data are given in Table S7.

Nabumetone was prone to hydrolytic degradation only in acidic conditions, both
alone and in systems with HP-β-CD and SBE-β-CD (Figure S11), yielding one degrada-
tion product (DP 1), which was noticed at the retention time of 10.9 min. The observed
accurate m/z value of the singly protonated ion of DP 1 was 215.1062 (Figure 7). Structural
characterization was based on the results of HRMS and MS/MS analysis (Table S8). This
compound, 4-(6-hydroxy-2-naphthtyl)-2-butanone, was previously recognized as one of
the pharmacologically inactive NAB metabolites [50,51].

Figure 7. HRMS spectrum of degradation product DP 1 (tR = 10.9 min) formed during the acidic
hydrolytic degradation.

The hydroxypropylated derivative of β-CD was also prone to hydrolytic degradation,
yielding various differently substituted isomeric hydroxypropylated linear maltooligomers
(Figure S12). The exact identification of degradation products is technically impossible,
as HP-β-CD is a mixture of hundreds of thousands of isomeric species [52]. No degrada-
tion products were observed under neutral and basic hydrolytic conditions, which is in
accordance with literature data on β-CD stability in neutral and basic media [53].

Nabumetone was not susceptible to oxidative degradation both at room temperature
and at elevated temperatures. However, the presence of HP-β-CD and SBE-β-CD in their
co-ground samples led to the formation of several degradation products only at elevated
temperatures. The total ion chromatograms are given in Figure S13. Ten degradation
products were identified in total as a result of the extensive HRMS and MS/MS analyses of
protonated molecular ions (Tables S9–S18). The hydroxylation of the naphthalene moiety
of NAB was the most pronounced degradation process. Such extensive hydroxylation
can only be induced by hydroxy radicals. Indeed, hydrogen peroxide contains a very
weak O–O bond, which can easily cleave to form hydroxyl radicals (•OH), a reactive
oxidative reagent [54]. Likely, the presence of HP-β-CD and SBE-β-CD promote the •OH
formation, making the hydroxylation of naphthalene moiety the dominating process at
elevated temperature.
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The proposed structures of NAB degradation products obtained during forced degra-
dation studies are shown in Figure 8. It should be emphasized that the structures are
proposed based on HRMS spectra and MS/MS data. The unambiguous determination of
the structures will be confirmed by the isolation of degradation products and their analysis
by NMR spectroscopy, which is the subject of upcoming investigations.

Figure 8. Proposed degradation products of NAB in hydrolytic (HCl) and oxidative conditions
(H2O2). Experimental conditions: 2M HCl; 3% H2O2 at 80 ◦C.

Nabumetone, both alone and in systems with HP-β-CD and SBE-β-CD, was not prone
to photodegradation. In all cases, the NAB content in samples subjected to photostability
studies was within the specification of 98.5–102.6 of the control samples (Figure S14). To
obtain deeper knowledge about possible minor degradation products formed during these
studies, we performed a UHPLC–HRMS analysis. No degradation products were observed
in any of the samples. The total ion chromatograms are given in the supporting information
(Figure S15).

All co-ground systems showed satisfying chemical stability during the long-term
stability studies. Both pure NAB and co-ground NAB were not prone to degradation.
The recovered NAB content at the end of the 9-month testing was 93.5–100.5 of the initial
content in all cases (Figure S16). No degradation products were observed in any of the
samples during the UHPLC–HRMS analysis as well. The total ion chromatograms are
given in the supporting information (Figure S17).

4. Conclusions

Grinding in high-energy vibrational mills is a sustainable, solvent-free, and eco-
friendly approach for developing CD complexes of poorly soluble drugs like NAB. Process-
ing NAB with CDs yielded powdered products, where the level of the drug amorphization
depended on the CD derivative used and the grinding conditions applied. This rapid, one-
step technological approach enables the easy control of the process by optimizing grinding
time and frequency. Co-ground complexes with SBE-β-CD and HP-β-CD showed the most
pronounced in vitro drug dissolution enhancement in both gastric and intestinal media.
Enhanced dissolution has led to increased drug flux across the biomimetic membranes,
indicating the possibility of achieving a faster onset of drug action upon oral administration
of such co-ground complexes, which still needs to be verified in vivo.

Although forced degradation studies revealed various degradants originating from
the drug and the CDs used, the co-ground NAB complexes with SBE-β-CD and HP-β-CD
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showed acceptable photo- and long-term stability, indicating their suitability for further
pharmaceutical product development.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pharmaceutics16121493/s1, The SI material published online alongside the
article concerns the details for UHPLC and MS analyses (Tables S1 and S2); characterization of NAB
complexes in the solid state by DSC and PXRD (Figures S1 and S2, Table S3); ATR–FTIR analysis
of the complexes (Figures S3–S8 and Tables S4–S6); chemical stability (Figures S9–S13 and Tables
S7–S18); photochemical stability (Figure S14 and S15); and long-term stability (Figures S16 and S17).
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