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Abstract: Mixed micelles from copolymers in aqueous media have emerged as a valuable tool
for producing functional polymer nanostructures with applications in nanomedicine, including
drug delivery and bioimaging. In this review, we discuss the basics of mixed copolymer micelles’
design, structure, and physicochemical properties. We also focus on their utilization in biomedical
applications using examples from recent literature.
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1. Introduction

Nanotechnology is a field of study in which structures that consist of at least one
dimension on the nanoscale (1-100 nm) are implemented in various applications [1-3]. The
previous Horizon initiative (Horizon 2020) allocated around 2 billion euros in financing
for projects in the booming field of nanotechnology [4]. Nanomedicine is a branch of
medicine that employs a wide range of nanotechnology tools and aspects for therapy and
diagnosis applications. Amongst a variety of nanomedicine formulations, biopolymer
and synthetic polymer nanostructures are commonly explored owing to their potential
as drug carriers [5]. Micelles, a subgroup of these nanostructures, are generated above a
particular concentration (referred to as the critical micelle concentration (CMC)) and take
on a sphere-like shape in most cases [6]. These structures are made up of a hydrophobic
core that is ideal for retaining non-soluble substances and a hydrophilic corona that serves
as a protective barrier from the aqueous environment [7,8]. In addition to enabling the
solubilization of various valuable hydrophobic drugs, polymeric micelles offer a plethora
of properties in terms of bio-applications induced by the functionalization of the normally
hydrophilic outer shell, such as targeted drug delivery [9], or triggered drug release [10].
Polymeric micelles generated from a single type of copolymer may be deficient in several
aspects. Given that these micelles have a finite total of building blocks, they are restricted
in chemical and compositional variety and nanoscopic structure. An established but
underutilized technique to address these issues is pairing different polymers to produce
mixed micelles. There is the possibility to further improve the existing optimal features
and eliminate some of the anticipated limitations of standard polymeric micelles with
a minimum of effort in terms of synthetic techniques. Mixed micelles have often been
shown to have considerable advantages, such as enhancing micelle stability and drug
encapsulation effectiveness [11-14]. In the past, several studies on mixed micellar systems
that achieved clinical stage research status have been presented in an excellent review by
Cagel et al. [14]. Recently, an overview of different reports by Manjappa et al. highlighted
the recurring merits of mixed micelles over single polymer micelles towards anticancer
efficacy [12]. This review is mainly focused on the exploration of mixed micelle systems
with a common denominator, which is that the combination of different types of polymers
or the combination of a polymer and a biopolymer subserves the delivery of bioactive
compounds or even operates as a prodrug system.
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2. Inclusivity of the Term

Discussion around mixed micelles has been lately focused on binary mixtures of
amphiphilic block copolymers [12,13]. Due to their well-defined macromolecular structure
combined with versatility and ease in preparation, amphiphilic block copolymers have
surpassed amphiphilic surfactants in molecular self-assembly research areas associated with
nanocarrier design for bio-applications, since the former commonly present lower CMC
values [15]. Conceivably, many of the thoroughly investigated block copolymers in single
copolymer-type micelles are beneficially utilized in the exploration of distinct polymer
co-assembly. Pluronics are probably the most commonly employed commercially available
polymers for the preparation of mixed micelles systems in the field of nanomedicine [16].
These are a class of amphiphilic and temperature-responsive [17] triblock copolymers
consisting of poly (propylene oxide) and poly (ethylene oxide) blocks, PEOx-PPOy-PEOx.
The PEO, also known as PEG in the pharmaceutical industry [18], blocks form a hydrophilic
corona that shields the hydrophobic core formed by the PPO blocks, offering stealth
properties to the system, and the hydrophobic drug is encapsulated into the hydrophobic
core, where it is preserved for a particular time frame until it is released. As a result,
the water solubility of the hydrophobic drug significantly increases in aqueous solutions,
thus increasing its bioavailability. Although Pluronic copolymers cannot be degraded into
the human body, the kidneys usually filter out these systems, which are then removed
through micturition [18]. Pluronics combination usually includes a mix of the species
with similar PPO moieties, since they present more cooperative aggregation than that of
species with differing PPO units [19,20]. Recently, Lee et al. conducted a comparative
study regarding the effect of molecular weight and hydrophilic-lipophilic balance (HLB) of
different combinations of distinct Pluronics on the temperature-dependent co-micellization
process and drug solubility using hydrophobic ibuprofen as a model drug. The study
demonstrated that all the mixed Pluronic systems form unimodal systems of mixed micelles
by cooperative binding, except for the combination of Pluronic P123 and F68, with distinct
PPO moieties (i.e., a difference of 37 PO units), whereas the addition of ibuprofen in the
system enhanced the cooperative binding [17].

Mixed micelles can be formed by a number of other combinations including block copoly-
mer/homopolymer mixtures [21], copolymer mixtures [22], polymer/biopolymerliposome,
enzyme, protein, peptide mixtures [23], and polymer/surfactant mixtures [24], to name the
most prominent ones. Regarding the design of biocompatible micelle nanoplatforms for
medicinal applications, mixing complex copolymer topologies or architectures is more sel-
domly applied, due to expected irregular co-assembly. Lo et al. examined the self-assembly
of a micelle structure from a graft poly (N-isopropyl acrylamide-co-methacrylic acid)-g-
poly (d I-lactide) (P(NIPAM-co-MAAc)-g-PLA) copolymer and two diblock copolymers,
PEG-b-PLA and poly (2-ethyl-2-oxazoline)-b-PLA. The variation between the CMCs of
the copolymer components was used to manipulate the size of the self-assemblies. Intra-
cellular drug delivery and cytotoxicity studies displayed a significant correlation of drug
release results with the designed functionality induced by the screening feature of the
negative charges in the mixed micelles structure, which resulted in higher drug activity
and lower material cytotoxicity when compared with micelles from plain P(NIPAM-co-
MAACc)-g-PLA copolymer [25]. An example of mixed micelles from the combination of two
branched copolymers has been reported by Zhang et al., wherein two polyglycerols grafted
with B-cyclodextrin and lactobionic acid, respectively, were employed as hepatocellular
carcinoma-targeted delivery nanocarriers for the hydrophobic antitumor drug paclitaxel,
with in vitro experiments demonstrating positive results [26]. In terms of macromolecular
topology, an intriguing study by Jiang and researchers has described blended assemblies of
amphiphilic random and block copolymers. A series of amphiphilic random methacrylate
copolymers composed of hydrophobic pyridyl disulfide (PDS) derivatives and hydrophilic
PEGs (PDS-r-PEG) were synthesized and blended with a PEG and poly(pyridyl disulfide
ethyl methacrylate) (PDS-b-PEG) block copolymer. Even though the research does not refer
to the co-assemblies as micelles, the emerged nanoformulations presented low hydrody-
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namic diameters with hydrophobic cores, while hydrophobic cargo loading and release
was achieved following disulfide linkages between the PDS moieties [27].

3. Stabilizing Factors

Micelles are formed as the outcome of one or more stabilizing mechanisms that take
place in an aqueous solution. The most frequent type of interaction involves hydrophobic
groups, which aggregate or cluster as a result of an equilibrium between hydrophilic and
hydrophobic components [28]. Walter Kauzmann first observed that nonpolar substances
in a water medium appeared to aggregate rather than distribute uniformly, allowing the
hydrophobic entities to have little interaction with the hydrophilic environment [29]. Am-
phiphilic copolymer mixtures exhibit the same principle in an aqueous media. Hydrogen
bonds are another type of self-assembly interaction, which can arise when functional
groups are in close proximity. In contrast to hydrophobic interactions, the creation of
hydrogen bonds is energetically unfavored in aqueous media. It is generally accepted
that the formation of micelles from amphiphilic copolymers is the result of the ordering of
hydrophobic moieties in the core which then may be stabilized by hydrogen bonds [12,30].
The electrostatic interactions between two copolymers with opposite charges are what
primarily cause the development of polyion complex (PIC) micelles, another type of mixed
micelle. PIC micelles are synthesized in an aqueous solution, which eliminates the presence
of residual organic solvents, making them an ideal option as an excipient for sensitive cargo,
e.g., nucleic acids, peptides, and proteins. PIC micelles provide the additional benefit of
encapsulating ionic substances, in contrast to amphiphilic-based mixed micelles [31-33].
Another method of stabilizing micelles is chemical crosslinking, which offers the oppor-
tunity to reinforce the structure of these types of nanoparticles and make it permanent
or disintegrable at will. Disulfide bridges are a common type of crosslinking and, con-
sidering that tumor cells have high levels of glutathione (GSH) and GSH's capacity to
destabilize disulfide bonds, many researchers have been driven to create nanostructures
with these bonds for the purpose of actively targeting anticancer drugs accompanied with
target-specific drug release due to disintegration of disulfide bonds [34,35].

4. Preparation Methods

Many techniques may be employed to produce mixed micelles. The thin film hydra-
tion method, also referred to as the solvent evaporation method, involves dissolving the
polymers and the active pharmaceutical ingredient (API) in a volatile organic solvent and
allowing the solvent to entirely evaporate, employing rotary vacuum evaporation. The
thin film is rehydrated using sonication, a vortex, or simply by stirring [36,37]. In the
dialysis method, the polymers and the API are dispersed in an organic solvent and left to
be dialyzed in deionized water. The gradual replacement of the organic solvent triggers
the formation of micelles [38,39]. In the oil /water (o/w) emulsion method, the API is first
dissolved in a water-immiscible organic solvent, then the organic phase is incorporated
into the aqueous phase while being vigorously stirred. Either phase can be used to dissolve
the copolymers. Evaporation is then used to get rid of the organic solvent [40]. In the
co-solvent approach, an organic solvent is used to disperse the copolymers. The organic
phase is then added rapidly or dropwise to an aqueous solution in agitation, triggering
self-assembly. The solvent is then eliminated through evaporation [41].

5. Mixed Micelles for Diabetes Therapy

Worldwide, type 1 diabetes cases are increasing at a rate of roughly 2-3% per year.
Insulin management, which involves frequent, uncomfortable injections, is still the primary
method. As a result, new forms of treatment are required. In the interest of safeguarding
insulin in the bloodstream, nano excipients with the ability to control insulin release
and respond quickly to glucose levels are required, and Liu et al. produced a glucose-
responsive complex polymeric mixed micelle comprised of PEG-b-poly(aspartic acid-co-
aspartamidophenylboronic acid) (PEG-b-P(Asp-co-AspPBA)) and PNIPAM-b-P(Asp-co-
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AspPBA). Due to the reversible expansion of the PEG channels enmeshed in the PNIPAM
membrane, the stimuli-sensitive core was able to create reversible swelling, which resulted
in the reproducible on—-off management of the secretion of insulin. The delicate cargo was
also shielded by the PNIPAM corona [42,43].

Esculetin (EC) is a hydrophobic drug that has shown promising results in combat-
ing hyperglycemia. Taking into account its low bioavailability, mixed micelles could
improve its effectiveness. Li et al. produced mixed micelles by combining phospholipid,
sodium cholate, polyvinyl caprolactam—polyvinyl acetate-PEG graft copolymer (soluplus®),
and 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy PEG—2000] (DSPE-
mPEG2000). The thin-film hydration method was utilized to obtain these structures. The
mixed micelles outperformed free EC in the various media when assessing drug release
at varied pH levels to mimic in vivo conditions. The highest readings, at pH 6.8, indi-
cate increased bioavailability in the intestinal environment. Moreover, drug stability was
increased, and the mixed micelles were superior to free EC in treating mice with hyper-
glycemia [44].

6. Mixed Micelles for Cancer Therapy

A chemotherapeutic drug with a strong propensity for several types of cancers is
doxorubicin (DOX). Its capacity to intercept into the DNA helix and/or form covalent
bonds to proteins essential for DNA replication and transcription is the basis for its function.
Apoptosis will eventually result from these interactions [45]. Active targeting is needed for
optimal drug tumor accumulation, although the addition of targeting agents on a nanocar-
rier can often lead to phagocytosis. To address these limitations, Gao et al. developed
pH-responsive mixed micelles composed of PEG-b-poly (e-caprolactone) (PEG-b-PCL) and
PCL-b-poly (3-amino ester) conjugated with cyclic peptide RGDfK, which operates as a
targeting group (PCL-b-PAE-c(RGDfK). The pH-responsive shell was composed of the
biodegradable positively charged polymer PAE, which has a value of pK; ~ 6.5. When
exposed to the bloodstream, it converts to a hydrophobic state, extending blood circulation,
minimizing explosion from reticuloendothelial system (RES) organs, and promoting avoid-
ance of the premature release of DOX (Figure 1). To avoid opsonization and immunological
reactions, the active targeting component of this nanocarrier was “hidden” in the hydropho-
bic core, which could extend out to the interface for binding. Significant enhancement of the
therapeutic impact was successfully achieved in animal trials, which could be attributable
to the acidic conditions found in tumors that encouraged the appropriate release of the
drug [46].
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Figure 1. Self-assembly of DOX loaded mixed micelles composed of PEG-b-PCL and PCL-b-PAE-
c¢(RGDIK) [46].
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Tumor sites are more acidic as a result of cancer cells” propensity to engage in aerobic
glycolysis. Similarly, making use of this phenomenon, Jafarzadeh-Holagh et al. produced
Dextran-Stearic Acid (Dex-SA) and Dextran-Histidine (Dex-His) mixed micelles for DOX
delivery. Because of the presence of an imidazole ring on its structure, histidine was
chosen to provide pH sensitivity to the system. Dextran, a non-ionic polymer, was used
to provide biocompatibility and prevent the opsonization of the emergent nanocarrier.
When compared to free drug and Dex-SA, drug-loaded mixed micelles of Dex-SA /Dex-His
demonstrated increased cytotoxicity on the U87MG cell line and cell internalization. This
may have occurred because dextran hindered the effusing of DOX by p-glycoprotein [47].

Curcumin is a natural compound that is extracted from the rhizome of turmeric, a
perennial plant with the botanical name Curcuma longa. Research has shown that curcumin
has numerous therapeutic and preventative uses, including antioxidant, anti-inflammatory,
and antitumor properties. Curcumin has been utilized extensively in cancer treatment.
The class of curcuminoids that includes bisdemethoxycurcumin (BDMC) can be found
in standard curcumin at a concentration of 17%. The enhanced anticancer activity of
BDMC combined with its increased hydrophobicity makes it a prime choice for mixed
micelle encapsulation. Polymeric micelles from Pluronics® F68 and F127 were produced
by Mehanny et al. by applying the thin-film hydration method. The CMC value of the
20:80 ratio (F68:F127) was 9.9457 x 10~® g/mL, indicating that this system is more durable
and capable of retaining integrity even when subjected to high dilution in the bloodstream.
Data over a six-month period revealed no significant structural changes, demonstrating the
mixed micelle stability and capacity to tolerate storage in typical drug settings. The HepG-2
cell line’s IC50 values for neat micelles were 12.2 g/mlL, 0.85 g/mL for the free drug BDMC,
and 0.74 g/mL for BDMC-loaded micelles, indicating that the drug’s entrapment did not
have a negative impact on its cytotoxic effects [18].

Another natural drug with anticancer, anti-inflammatory, and antioxidant properties
is quercetin (3/,3'4’,5,7-pentahydroxyflavone; Que). In an attempt to combat non-small
cell lung cancer, Li et al. generated Que-loaded mixed micelles (Que-MMICs) by applying
the thin-film method, combining DSPE-PEG-biotin and poly (ethylene glycol) methyl
ether methacrylate-poly [2-(dimethylamino) ethyl acrylate]-PCL (PEGMA-PDMAEA-
PCL). In this mixed micelle system, the hydrophilic PEGMA and PDMAEA form the
protective corona. The hydrophobic interactions between Que and PCL units would cause
the water-insoluble drug Que to migrate towards the center of the structure. The addition
of Que resulted in a considerable decrease in size when compared to the neat micelles,
which is most plausibly explained because of the amplifying effect of the interactions
between the hydrophobic segments. All systems, nevertheless, were below the 200 nm
threshold required for greater tumor accumulation. Data confirmed that biotin conjugation
greatly boosted 1.2-fold cellular uptake in A549 cells, further illustrating the value of
adding an active targeting agent to mixed micelles. Whereas neat nanostructures displayed
minor cytotoxicity, promoting the excipient’s biocompatibility, mixed micelles significantly
outperformed the free drug in terms of cytotoxicity values. Animal testing produced similar
findings [48].

Photodynamic treatment (PDT) is a type of cancer therapy that involves the process
whereby a photosensitizer is excited by a light source, and the effect of the irradiation is the
excitation of oxygen, forming reactive oxygen species (ROS) in the body, causing apoptosis
in tumor cells through a cascade of processes [49]. In an effort to treat multi-drug resistant
breast cancer, Li et al. prepared by the co-solvent method MIT-PCL-pluronic F68-PCL/poly
(LA-co-glycolide)-PEG—poly(LA-co-glycolide) (MIT-PFP /PPP) mixed micelles. The an-
tineoplastic drug Mitoxantrone (MIT) is a photosensitive agent used in photodynamic
therapy. The resistance to this drug stems from the abundance of ATP-binding cassettes
(ABC), which include P-glycoprotein (P-gp). The mechanism underlying MIT suppression
is drug expulsion from cancer cells mediated from the transporter; reversing this activity
can result in a larger tumor accumulation of MIT. The encapsulation of the photosensitive
substance was put to the test since the foundation of photothermic therapy is optimal laser
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irradiation, and the results indicated that absorptivity was not affected. The free drug
and/or irradiation did not exhibit a significant cytotoxic effect, according to data collected
from the MTT test of MCF-7/ADR cells. MIT-PFP/PPP micelles, on the other hand, were
able to accelerate cell death following irradiation by 60%. Results concluded that with
irradiation, cells treated with MIT and MIT-PFP /PPP mixed micelles showed decreased
P-gp activity and elevated reactive oxygen species levels [50]. Another anticancer drug
with therapeutic value for a variety of malignancies is paclitaxel. Cell death results from its
function, which is the polymerization of tubulin proteins into microtubules, and that of a
stabilizing factor. To combat this drug’s poor aqueous solubility, lack of targeting abilities,
and high rate of degradation in physiological conditions, it would be advantageous to
encapsulate it in a nanocarrier [16,51]. Phosphatidylserine (PS) is typically located in the
inner cellular layer of healthy tissue. Guan et al. took advantage of the presence of PS
on the surface of malignancies, coupling it to pH-sensitive mixed micelles through PS
binding peptide (PSBP-6). The drug-loaded mixed system was prepared using a dialysis
technique combining PEG-b-PLA) and PEG-b-poly(; -histidine). The system’s pH sensi-
tivity can be linked to the presence of the imidazole group, which at a pH of 6.5, as a
result of protonation, led to swelling because electrostatic interactions were more prevalent
than hydrophobic interactions. This phenomenon will inhibit the premature release of the
drug, taking into account the neutral pH conditions in healthy tissue. In vitro cell studies
confirmed the protein-conjugated mixed micelles were more efficient than unbound mixed
micelles and the free drug. Biodistribution animal studies revealed the high concentration
and retention of the drug within the tumor sites, which provided further confirmation of
the mixed systems’ ability to evade the RES system and sinking effect (accumulation in the
lymphatic organs). This could be attributed to the poor lymphatic drainage of tumor sites
and the binding capabilities of the active targeting agent [52].

7. Mixed Micelles for Bioimaging

The typical image of a micelle is that of a sphere [53], despite the fact that filamentous
morphologies often have many advantages over their spherical counterparts, including the
ability to evade the RES system and a larger drug loading capacity. In their research, Kim
et al. encapsulated the indocyanine green dye (ICG) in mixed micelles of PEO-b-poly [(R)-
3-hydroxybutyrate]-b-PEO (PEO-PHB-PEO) and Pluronic F127, prepared through the co-
solvent method (Figure 2). Indocyanine green (ICG) is a biocompatible near-infrared (NIR)
fluorescent dye that has been approved by the FDA. Nonetheless, because of its amphiphilic
nature, ICG binds almost entirely (98%) to the majority of the primary plasma proteins in
circulation. After opsonization, ICG is rapidly eliminated by the liver. Furthermore, it lacks
target specificity, like the majority of chemical dyes [54-56]. F127 offers stimuli sensitivity
to nanoformulations, although it lacks loading capacity. The PEO-PHB-PEO copolymer
produced stable micelles with high drug loading capabilities, according to research by the
same group. As a result of the highly polyhydroxybutyrate hydrophobic moiety present
in the complementary triblock copolymer (due to the existence of methyl groups on the
pendant chains), the combination of the two triblock copolymers produced stable structures
at room temperature. Further evidence for the durability of the emergent structures came
from CMC studies, which demonstrated that raising the PHB copolymer concentration
decreased CMC values and hinted at micelle durability following significant dilution in
the bloodstream. It was established in a mice case study that mixed micelle formulations
boosted tumor accumulation and increased ICG stability in vivo [53].

In a similar manner, ICG was encapsulated in pH-sensitive mixed micelles composed
of PCL-b-poly (methoxytri(ethylene glycol) methacrylate-co-N-(2-methacrylamido) ethyl fo-
latic amide) (PCL-b-P(TEGMA-co-NMFA) and PCL-b-poly(diethylene glycol monomethyl
ether methacrylate) (PCL-b-PDEGMA). The LSCT was evaluated for the emerging micelles
since both copolymers contained a thermosensitive component (PDEGMA and PTEGMA).
Interestingly, the 1:1 copolymer ratio (M1) exhibited a lower critical solution temperature
(LCST) value of 36.6 °C at pH = 5.3. These findings imply that M1 would release the dye in
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a tumor site rather than prematurely into the bloodstream. Similar outcomes were attained
in acidic environments using the dye-loaded micelles” ICG. Within a 24 h period, 84% of
the contrasting agent was released from the vector, compared to 50% under physiological
conditions. Additionally, the size and surface charge of ICG-M1 remained constant over
time. HeLa and HT-29 cells were evaluated for cytotoxicity. It is essential to remember
that HeLa cell lines exhibit a high level of surface folate receptors. It was discovered
that the neat mixed micelles were biocompatible. Notably, the phototoxicity tests yielded
positive outcomes. The selective internalization of the micelles by receptor-mediated en-
docytosis led to ICG-M1 exhibiting greater affinity to He-La cancer cells after irradiation,
as was anticipated. This mixed system could serve as a theragnostic formulation for NIR
imaging-guided photochemotherapy, based on these results [57].
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Figure 2. Preparation of mixed micelles composed of PEO-PHB-PEO and Pluronic F127 for imaging
applications [53].

8. Mixed Micelles for Alzheimer’s Disease and Central Nervous System
(CNS) Disorders

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by high
complexity as well as intricacy in diagnostic and therapeutic methods due to the limited
bioavailability and ability of AD-associated drugs to surpass the blood-brain barrier [58,59].
A combination of different Pluronic copolymers has been studied as a micellar nanocar-
rier system for morin hydrate, a mild hydrophobic substance operating as an inhibitor of
amyloid-f (AB) peptide hyperproduction aggregates and hyperphosphorylated tau protein
neurofibrillary tangles, which are believed to be the main causes of AD. Specifically, consid-
ering the disadvantages of the administration of plain morin hydrate via the parenteral
route, Singh and his group developed a mixed micellar system composed of Pluronic P127
and Pluronic F123 block copolymers to study morin hydrate oral delivery and effectiveness
in improving the memory performance of AICI3-administrated Wistar rats with decreased
locomotor activity. The group combined the selected copolymers because of lipophilic chain
length and overall structure resemblance. Different ratios of the respective copolymers
allowed optimization based on micelle size and size distribution, among other character-
istics. Pharmacokinetic studies of the optimized loaded micellar nanocarriers resulted in
much higher brain drug concentration when compared with plain morin hydrate solutions,
whereas chronic treatment remarkably increased the memory of the AD Wistar rats control
group [60]. Combining different Pluronics or Pluronics with other polymers is a common
strategy to facilitate novel medicinal nanoplatforms in respect to CNS disorders, owing
to the tunable properties imposed by their characteristic HLB. Other studied platforms
include the delivery of various therapeutics such as trans-resveratrol [61], silymarin [62],
vinpocetine [63], or sodium dodecyl sulfate [64].

Another binary mixture of block copolymers studied to accommodate a therapeutic
agent for the management of AD is PCL-b-PEG PCL-b-poly (3-amino ester) (PCL-b-PAE).
Huang et al. utilized these copolymers to fabricate complex micelles (SAMC) of a PCL
hydrophobic core, able to host low-water-soluble y-Secretase inhibitor (GSI) DAPT, which
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is known for limiting AB generation, and a mixed shell composed of hydrophilic stabilizing
PEG and pH-responsive PAE chains (Figure 3). Via immunoblot assay, it was proven
that GSI-loaded micelles indeed present a decreasing effect on the y-Secretase activity,
and therefore AB expression, with concentration dependency, whereas a Thioflavin-T
fluorescence assay demonstrated that both GSI-loaded and neat mixed micelles treatment
could reduce AB fibril formation. The last was attributed to the collapse of PAE chains
onto the micellar core resulting in the emergence of hydrophobic regions that attract
AB species and antagonize aggregation, due to the surface microphase separation under
physiological pH. Additionally, in an MTT assay utilizing rat pheochromocytoma PC12
cells as the neuronal model, cell viability reached up to 78% for both loaded and plain
micelles, indicating that the designed mixed nanocarrier could offer protection from toxicity
induced by AB aggregation, whereas neuron targeting by surface functionalization was
also achieved. In comparison with other AB-targeted therapeutic strategies, this system
originally demonstrated a synchronous effect on AB homeostasis by both blocking source
and interrupting the aggregation of AB [65].
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Figure 3. Preparation of DAPT-loaded SAMC mixed micelles [65].

The same group of researchers had previously reported on a similar complex mi-
celle nanoplatform designed in order to frustrate AB aggregation, wherein instead of
pH-responsive PAE, temperature-responsive PNIPAM was employed as the key factor in
AB aggregation suppression, since body temperature enforces hydrophobic interactions
and causes the collapse of PNIPAM chains. Interestingly, in this study, wherein several
ratios of PNIPAM consistency were examined, the researchers concluded that hydrophobic—-
hydrophilic balance played a crucial role in the inhibition efficiency. Nonetheless, the
importance of the synergistic effect of the mixed copolymers of various chemical composi-
tions is denoted [66].

9. Mixed Micelles for Human Immunodeficiency Virus (HIV)

Chiappetta et al. have reported on mixed polymeric micelles from the combination
of Pluronic F127 and branched hydrophobic poloxamine counterparts (Tetronic T304 and
T904) aiming at the incorporation of the anti-HIV drug efavirenz (EFV) in their micellar core.
Having previously investigated pure T904 micelles loaded with EFV, which presented low
physical stability, co-micellization with a highly hydrophilic polymer was considered as a
solution. Testing different weight ratios of the combined copolymer components revealed
that CMC and micelle size are controllable, with both T304 and T904 presenting favorable
mixed self-assembly in micelles of higher hydrophobicity than plain F127 micelles, even
though T304 displayed low EFV solubilization capacity. Additionally, increased stability
was observed in F127 in a concentration-dependent manner, highlighting the importance
of its presence in the mixed nanostructure [67].

Towards a more in vivo approach, Patil et al. composed a mixed nanoplatform from a
binary mixture of Pluronic F127 and D-a-tocopherol PEG 1000 succinate to improve the oral
bioavailability of Nelfinavir mesylate, an HIV-1 protease inhibitor. In vitro release studies
demonstrated sustained release for up to four days, whereas in vivo pharmacokinetic
investigation suggested enhanced bioavailability, attributed to the size of the obtained
micelles [68].
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10. Mixed Micelles for Gene Delivery

Gene therapy alternative approaches are essential for dealing with vascular diseases
since the absence of effective targeting functions remains consistent. Li et al. investi-
gated blended assemblies of cationic graft poly (lactide-co-3(S)-methyl-morpholine-2,5-
dione)-g-polyethylenimine (PLMD-g-PEI) and comb-like PLMD-g-poly(poly(ethylene gly-
col)monomethacrylate) linked to Cys-Arg-Glu-Asp-Val-Trp endothelial cell recognizer
peptide (CREDVW) (PLMD-PPEGMA-CREDVW) copolymers, and their complexation
with pEGFP-ZNF580, a gene known for assisting proliferation and migration of endothelial
cells. This particular pattern was based on the purpose of producing a gene carrier able
to excel the hindrance of inflexible single copolymer carriers towards multifunctionality.
Accordingly, the peptide modification was carried out using the PEG chain ends, and not
PEI direct linking, aiming at a structure with a more pliant architecture. The mixed micelles
were prepared in different mixing ratios by a dialysis method, and later complexes with
several plasmid DNA (pDNA) to copolymer fractions were studied. In vitro cytotoxicity
assay of the complexes revealed a >80% cell viability, while transfection efficiency, cell
migration, and wound healing ability were demonstrated [69].

Unlike traditional vaccinations for viral infections, cancer vaccines have more of a ther-
apeutic than a preventive effect. They are a type of immunotherapy in which cancer cells
are eradicated by an immune reaction [70]. The issue is that adjuvants produce immuno-
logical reactions that are antibody-mediated instead of cell-mediated. These nanocarriers
would need to actively target the cytosols of lymph-node-dwelling dendritic cells to boost
cross-presentation, which would subsequently release a significant number of cytotoxic
T-lymphocytes, leading to apoptosis. Sui et al. generated PCL-PEG and PCL-PEI mixed mi-
celles employing the thin-film hydration method. Due to its pH sensitivity, PEI is frequently
used in gene transfer applications. By means of the use of disulfide bonds (-ss-), ovalbu-
min (OVA) was cross-linked to PEG-PCL, and then Cytosine-phosphorothioate-guanine
oligodeoxynucleotides (CpG-ODNs) were incorporated into the system as a second step.
As tumor growth inhibitors, CpG-ODNs work by stimulating TLR9-bearing cells, which
in turn triggers the emergence of T-cells. The emergent mixed micelles’ CMC value was
2.35 x 10~* g/mL, which demonstrated that the micelles had acceptable dilution tolerance.
As PEI-PCL has a pKj, of 5.5, the mixed system has the potential to remain in circulation
until it enters the endo/lysosome environment. As previously mentioned, glutathione
disrupts disulfide bonds, prompting OVA to be released intracellularly. The adjuvant did
not appear to have a cytotoxic effect on dendritic cells generated from bone marrow. Inter-
estingly, there was greater cell uptake, which was probably brought about by the structures’
cationic charge density, which relates to PEI-PCL. Most crucially, when the nanoparti-
cles were evaluated to see if they could prevent lung cancer metastasis, there were 1.7 or
2.3 times more lung metastatic nodules present after the introduction of nanostructures
conjugated with amide bonds than in the case where crosslinking was accomplished using
disulfide bonds. This highlights how crucial a role this kind of crosslinking plays in cancer
suppression. Finally, animal studies, comparing the survival rate following vaccination
with the PP-SS-OVA /CpG group to the adjuvant and the free protein, showed that the
survival rate was increased by up to 50% [71,72].

Mixed micelles that are fabricated from polyion complexation between pDNA and
(PEG)-b-polycation block copolymers frequently exhibit poor bloodstream durability. The
addition of a hydrophobic moiety to strengthen hydrophobic interactions is a typical
technique to increase the stability of electrostatic interaction-based systems. While increas-
ing the PEG fraction can produce similar outcomes, cellular absorption is hampered. Li
et al. developed the ternary polyplex micelle system (TPM) by combining pDNA with the
mixture of block copolymers PEG-b-poly [N-(2- aminoethyl)-2-aminoethyl]aspartamide
(PEG-b-PAsp(DET)) and PNIPAM-b-PAsp(DET) in consideration of the aforementioned.
When compared to binary polyplex micelles of PEG-b-PAsp(DET) (BPMs), both systems
at standard ambient temperature generated the same findings in terms of nuclease activ-
ity protection because PNIPAM units act as hydrophilic shells at 25 °C. TPMs, however,
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demonstrated noticeably superior protective capabilities to BPMs at body temperature.
This is owing to the thermoresponsive nature of PNIPAM, which acts as a hydropho-
bic intermediate layer in these conditions. Blood studies corroborated those features;
the half-life of TPMs (29.3 + 1.8 min) was over two times the duration of that of BPMs
(12.8 £ 0.96 min). To evaluate whether polyplex micelles accumulate at tumor sites with the
inclusion of Cy5, animal investigations were conducted. In mice possessing a xenografted
H22 tumor, it was found that TPMs accumulated immensely, amounting to 3.8-fold higher
values than BPMs. These findings support the efficacy of the introduction of PNIPAM in
gene therapy [73].

When compared to pDNA, messenger RNA (mRNA) has gained traction as it does
not need to penetrate the nuclear envelope and excludes integration into the host cell’s
genetic material. Nevertheless, the need for novel vectors remains, as it experiences rapid
degradation as a result of nuclease activity, similar to its counterparts. Yang et al. created
mRNA-loaded PIC micelles utilizing cis-aconitic anhydride-modified PEG-poly (r-lysine)
(PEG-pLL(CAA)) block copolymers. The pLL(CAA) segment’s side chains of amino groups
can facilitate electrostatic interactions with the phosphate groups of mRNA, and pH-
sensitive covalent bonding between amino groups and the CAA moieties is capable of
stabilizing the core. The mean diameter of the PEG-pLL(CAA) micelles was 94 + 1 nm, but
more significantly, the encapsulation efficiency was roughly 100% (Figure 4). The micelles
were stable at physiological pH (pH 7.4) and released their sensitive cargo, mRNA, in
acidic conditions in the range of endosomal pH (pH 5.5-4.5). Fortunately, PEG-pLL(CAA)
was superior to PEG-pLL micelles at preventing mRNA from decaying, by nucleases and
enhancing cellular uptake. This was most likely brought on by the increased stability of the
PEG-pLL(CAA) against polyanion exchange, as the negatively charged acidic proteoglycans
found on cellular walls can destabilize such types of nanostructures. Comparing PEG-
pLL(CAA) to PEI polyplexes, which are frequently used for gene delivery, revealed that it
produced higher levels of mRNA transfection in mice bearing the CT26 tumor [74].
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Figure 4. The formation of PEG-pLL(CAA) micelles via cross-linking and electrostatic interactions [74].

11. Mixed Micelles for Protein Delivery

The biocompatibility and binding abilities of proteins have contributed to their in-
crease in prevalence in medicine for the treatment of a variety of illnesses. However,
they experience poor cellular absorption and circulatory integrity, as do the majority of
biomolecules [75]. Several types of vectors have attracted attention; among them are
polyphenols. These amphiphilic compounds, such as tannic acid (TA), contain functional
groups such as hydroxyl groups and aromatic rings, which aid in the encapsulation of
biomolecules via hydrophobic interactions and hydrogen bonding. TA lacks targeting abili-
ties mainly because of its propensity to interact unintentionally with numerous biological
elements. Honda et al. combined phenylboronic-acid-conjugated PEG10000-poly( -lysine)
block copolymer, TA, and green fluorescent protein (GFP) in an aqueous solution to as-
semble a ternary complex (Figure 5). To simulate the conditions the complex would come
across in vivo, FBS was utilized. The hydrodynamic radius of TA/GFP complexes in-
creased, pointing to the creation of a protein corona. On the other hand, because of the
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protective qualities of PEG moieties, the ternary complex maintained its size even in an
environment of 50% FBS. It is essential to note that TA has a strong affinity for proteins,
including albumin. Similar results were obtained with glucose, suggesting this nanocarrier
would evade opsonization. The interaction of the polyphenol with cell membranes in
TA /GFP complexes produced the greatest results in terms of cellular internalization. Just as
was reported in prior studies, the PEG corona for the ternary complex led to only restricted
cellular adsorption. The ternary complex performed far more effectively than the free
protein and the protein/TA complex when tested in tumor accumulation studies in subcu-
taneously implanted murine colorectal carcinoma-bearing mice. This was accomplished
through passive targeting and sustained blood circulation [76].

GFP/TA/PEG-P|[Lys(FPBA),},
ternary complex

e
“ TA % PEG-P[Lys(FPBA),],
—_— e
GFP | GFPITA
complex .
| Systemic
| administration
‘ — A
Blood (pH 7.4) ¥ = W Systemic
; 4 ) o) @9 o administratior] HN HN
2 S g~ , '
® ) ®
Accumulation Prolonged q
ina tumor blood circulation fy ) (5
= —— R — g =

Figure 5. An illustration depicting how the ternary complex of TA, GFP, and PEG10000-poly(; -lysine)
block copolymer forms in an aqueous medium [76].

A wide spectrum of conditions may benefit considerably from the use of antisense
oligonucleotides (ASO). The aforementioned group of synthetic polymers can be applied
for reducing the expression level of RNA structures through RNase H-mediated cleavage
or by restricting transcriptional protein entry through steric inhibition. One of its main
drawbacks is its rapid elimination via opsonization, primarily by albumin. However, a
significant portion of ASOs, as with most small-sized polymers, are removed from the
circulatory system through renal filtration, with a relatively short half-life. In order to
enhance bioavailability and more efficient accumulation in tissues of concern, such as
malignancies, vectors must be created. Kim et al. developed ASO-Loaded PICs consisting
of a triblock copolymer based on the combination of poly (2-ethyl-2-oxazoline), poly(2-
n-propyl-2-oxazoline), and poly(y -lysine). While poly (2-n-propyl-2-oxazoline) (PnPrOx)
provided thermosensitivity to the system and poly (2-ethyl-2-oxazoline) (PEtOx) served as a
hydrophilic corona, poly (i -lysine) (PLL) enabled electrostatic interactions between the ASO
and the nanocarrier. This research revealed that when comparing to diblock-based poly
(PEtOx-b-PnPrOx) micelles, the presence of the PnPrOx component significantly enhanced
the durability of mixed micelles in FBS and caused more effective cellular accumulation
of the oligonucleotide, which led to higher suppression of gene expression in a model of
androgen-independent prostate cancer cells [77].

12. Conclusions and Future Perspectives

The global market for nanomedicine is expected to continue to grow to USD 350.8 billion
in the upcoming years [78]. In this rapidly expanding field of research and technology,
mixed micelles are anticipated to play an integral role. The emergent micelles outperformed
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their precursor copolymers in the majority of study cases, demonstrating the advantages of
synergistic effects. Studies confirm that mixed micelle systems provide significant benefits
to drug entrapment effectiveness by increasing drug loading capacity, micelle durability
by increasing hydrophobic interactions, H-bonding, and other stabilizing factors, and by
providing better thermodynamic aspects, with a decrease in critical micelle concentration
and the simplicity of adding multiple stimuli-sensitive properties (e.g., pH sensitivity and
temperature responsiveness). In light of this, it is critical that more of these nanoformu-
lations be studied in a clinical setting in order to provide standard information on how
such vectors with this kind of chemical profile would behave in humans, and, furthermore,
confirm their ability to surpass the more costly and less practical design of novel polymeric
materials. Additionally, in upcoming conventional nanoformulations, polymeric mixed
micelles are expected to include a wider variety of already studied copolymers in terms
of chemical composition and architecture. This review provides a good starting point for
discussion and further research in mixed systems.
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