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Abstract: Nanosized Janus and dendrimer particles have emerged as promising nanocarriers for the
target-specific delivery and improved bioavailability of pharmaceuticals. Janus particles, with two
distinct regions exhibiting different physical and chemical properties, provide a unique platform
for the simultaneous delivery of multiple drugs or tissue-specific targeting. Conversely, dendrimers
are branched, nanoscale polymers with well-defined surface functionalities that can be designed
for improved drug targeting and release. Both Janus particles and dendrimers have demonstrated
their potential to improve the solubility and stability of poorly water-soluble drugs, increase the
intracellular uptake of drugs, and reduce their toxicity by controlling the release rate. The surface
functionalities of these nanocarriers can be tailored to specific targets, such as overexpressed receptors
on cancer cells, leading to enhanced drug efficacy The design of these nanocarriers can be optimized
by tuning the size, shape, and surface functionalities, among other parameters. The incorporation
of Janus and dendrimer particles into composite materials to create hybrid systems for enhancing
drug delivery, leveraging the unique properties and functionalities of both materials, can offer
promising outcomes. Nanosized Janus and dendrimer particles hold great promise for the delivery
and improved bioavailability of pharmaceuticals. Further research is required to optimize these
nanocarriers and bring them to the clinical setting to treat various diseases. This article discusses
various nanosized Janus and dendrimer particles for target-specific delivery and bioavailability of
pharmaceuticals. In addition, the development of Janus-dendrimer hybrid nanoparticles to address
some limitations of standalone nanosized Janus and dendrimer particles is discussed.

Keywords: dendrimers; Janus nanoparticles; drug delivery; biocompatibility; nanoformulation;
pharmaceuticals

1. Introduction

Nanoparticles have gained considerable attention among researchers as a potential
drug delivery system due to their unique properties, such as their high surface-to-volume
ratio and surface charge-dependent behavior, compared to their bulk counterparts [1–3].
The properties of nanoparticles depend on their size and shape, which can be tailored by
selecting an appropriate synthesis approach [4]. Dendrimers, micelles, liposomes, and
biopolymers are the most commonly used drug-delivery nanoparticles [5]. Micelles are
colloidal suspensions formed by the dispersion of amphiphilic lipid molecules in a liquid
and have a hydrophilic head and a hydrophobic tail [6]. Micelles as a drug delivery system
have advantages such as improved solubility of highly lipophilic drugs, controlled drug
release, the ability to adjust their physiochemical properties, and protection of the drug
from environmental factors. However, they have limitations such as low drug-loading
capacity, high dependence on critical micelle concentration, and limited applicability to only
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lipophilic drugs [7]. Liposomes are small artificial spherical vesicles formed using natural,
nontoxic phospholipids and cholesterol and have benefits such as biocompatibility and
hydrophilic/hydrophobic characteristics [8]. However, liposomes as a drug delivery system
face limitations such as high production cost, limited shelf life, vulnerability to oxidation
and hydrolysis of phospholipids in certain conditions, instability, fusion, and potential
release of encapsulated drugs [9]. Biopolymers (polymers synthesized or extracted from
biological source) have also been used for drug formulation, but they often lack solubility
or have pH-dependent solubility, which limits their use [10,11].

Dendrimers are synthetic, tree-like hyperbranched polymers with a high number
of functional groups and an open molecular structure. They are designed as artificial
macromolecules with void spaces for drug storage and targeted release [12–14]. However,
dendrimers have limitations such as high non-specific toxicity, drawbacks during scale-up
experiments, and low hydro-solubility [15]. Despite these limitations, they have potential
as nanoparticles for drug delivery. Janus nanoparticles are a recent addition to the range
of nanoparticles, featuring the integration of two or more chemically distinct components
into a single structure. They possess unique properties based on their synthesis approaches
and the materials infused into the Janus structure [16–19]. However, the complex synthesis
process and toxicity due to chemicals involved in the synthesis approach are limitations of
Janus nanoparticles [17,20]. The incorporation of Janus and dendrimer into a composite
material has been proposed to enhance drug delivery ability and reduce limitations [21,22].
This article discusses various nanosized Janus and dendrimer particles for target-specific
delivery and bioavailability of pharmaceuticals. Additionally, the emergence of Janus-
dendrimer nanoparticles to overcome the limitations of standalone nanosized Janus and
dendrimer particles is discussed.

2. Overview of Nanosized Janus and Dendrimer Particles
2.1. Janus Nanoparticles

Janus nanoparticles were first discovered by Pierre-Gilles de Gennes, the Nobel Lau-
reate who pioneered fabricating microparticles ‘Janus grains’ with an apolar and polar
side [23]. The word ‘Janus’ comes from the two-faced Roman God of gates, which defines
Janus nanoparticles as anisotropic particles that possess two different compartments with
varying functionalities, material compositions, morphology, size, shape, and biochemical
properties. Janus nanoparticles are originally from polymeride but can be subcategorized as
organic/polymeric, inorganic, or hybrid of organic and inorganic Janus particles [24–27]. In
addition to the typical spherical shape, Janus nanoparticles can be fabricated into different
conformations, which include rod [28], dumbbell [29], platelet [30], and snowman [31,32].

Due to their asymmetric faces, Janus nanoparticles can improve the stability of different
phases [33]. This has then broadened their biomedical and clinical applications from
emulsion stabilizer, bio-sensing, bio-catalysis, molecular imaging, and diagnostic tools to
pharmaceutical targeted drug delivery systems [34], offering significant benefits over the
conventional mono-functional particles. This is highly ascribed to the tunable properties of
Janus nanoparticles whereby their different surfaces or compartments can be modified with
individual functionality. This includes hybrid particles with one amphiphilic surface and
another stimuli-responsive surface [19]; Janus nanoparticles made of organic and inorganic
compartments [35]; or biocompatible particles [36] for targeted medical treatments.

This enables Janus nanoparticles to be utilized as delivery carriers to carry different
drug molecules with the combination of various functionalities. Otherwise, as a delivery
system, one hemisphere can load medical drug molecules while another side acts as a target-
ing element with high specificity toward targeted cells. Janus nanoparticles have practical
medical and environmental applications, such as detecting water contaminants and envi-
ronmental pollutants and serving as superior candidates for cancer theranostics due to their
high loading capacity and tunable properties. Janus nanoparticles made of silver/chitosan
have also been reported to exhibit high antimicrobial effects against bacteria such as Es-
cherichia coli, Salmonella choleraesuis, Bacillus subtilis, Staphylococcus aureus, indicating their
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potential applications in food sector [37]. Interestingly, there are Janus nanoparticles used
to detect DNA and metals for monitoring applications. A streptavidin-modified retroreflec-
tive Janus particle can selectively sense the presence of mercury ions with up to 0.027 nM
detection limit [38] whilst a hybrid of gold-silver nanorod and polyaniline has also been
developed as a Janus nanoparticle, serving as a surface-enhanced Raman scattering sensor
for the detection of mercury [39]. In addition, gold-silver Janus nanoparticles have been
exploited as aptasensor to detect toxins such as Ochratoxin A quantitatively, which can
be widely used in real systems, including red wine monitoring [40]. The above examples
highlight the vast potential of Janus nanoparticles for a broad range of applications, offering
numerous benefits to various industries.

2.2. Dendrimers

The Greek phrase ‘dendron’, which means trees or branches, is the source for the word
‘dendrimer’. Dendrimers are symmetrical, generation-dependent spherical polymers con-
sisting of a core and dendrons (branches), possessing a hyperbranched, three-dimensional
structure [13]. In 1941, Paul John Flory and colleagues (Nobel Prize in Chemistry 1974)
introduced the theory of highly branched polymers [41,42], which can be synthesized
through polycondensation of a monomer with one or more functional groups, avoiding
the gelation process [43]. However, it was not stable and are without a cavity. Later, Vogtle
and his team (1978) reported the formation of the first non-skid chain-like and cascade-
like molecules with the topology of the molecular cavity, which is considered the earliest
dendritic polymer form. The term “hyperbranched polymer” was first coined by Kim
and Webster in 1988 in reference to the synthesis of soluble hyperbranched polypheny-
lene. This term was later used to describe the structure of dendrimers [44]. However,
these particular types of polymers attract the academy’s attention only with the work of
Tomalia et al. (1985) [45] and Newkome et al. (1985) [46]. Further, Tomalia not only coined
the term “dendrimer” as made a drastic breakthrough in dendrimers field by forming in a
controlled manner using divergent synthesis, poly(amidoamine) (PAMAM) dendrimers
with a hollow core in the center and outward branches of tendrils [47]. Currently, there
are about 100 dendrimer families, which include beyond poly(amidoamine) (PAMAM)
dendrimers, among others, polypropyleneimine (PPI), polyester-, polyamide-, phosphorus,
and polyether-based dendrimers [12].

Dendrimers’ molecular mass and size are specifically controlled during the polymer-
ization process, which is not possible during linear polymer formation [48]. The unique
molecular architecture of dendrimers results in improved physical and chemical proper-
ties compared to traditional linear polymers [49]. In general, dendrimers have a tightly
packed spherical structure with excellent rheological properties and low viscosity than
linear polymers [50,51]. It’s worth mentioning that the intrinsic viscosity of a dendrimer
reaches its peak at the fourth generation as its molecular mass increases [51,52]. The high
solubility, miscibility, and reactivity of dendrimers can be attributed to the multiple chain-
ends present in their structure [53]. Similarly, the solubility of the dendrimers depends on
their surface group, where dendrimers with hydrophilic and hydrophobic terminations are
soluble in both polar and nonpolar solvents, respectively [54]. Furthermore, the spherical
shape and presence of internal cavities in dendrimers make them ideal for encapsulating
desired molecules or drugs within the macromolecules [55]. These novel polymers are
further sub-classified into cationic, neutral and anionic dendrimers, based on their surface
charge [56]. It is worth noting that cationic dendrimers are cytotoxic and hemolytic, whereas
dendrimers with carboxylate surfaces that are anionic are considered nontoxic for a broad
range of concentrations [57,58]. However, the properties of dendrimers are significantly
influenced by factors such as pH, solvent, precursor salt, and concentration [59]. Moreover,
preparation of dendrimer in the nano-regime will further enhance their properties, due to
their exceptional high surface-to-volume ratio and unique structure [60,61]. Figure 1 shows
the structural aspects of Janus and dendrimer particles.
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Figure 1. The general structure of (A) Janus, Adapted with permission from Honciuc Ref. [62].
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3. Rational Design and Synthesis Approaches
3.1. Janus Nanoparticles

Janus nanoparticles are known as a new generation of smart building blocks for
material evolution. They are innovative materials designed to have two or more physical
and biochemical anisotropy as well as assembled layers to serve multiple functionalities.
Their unique characteristics and structural designs make them superior to conventional
particles. Their superior characteristics are such as the high interfacial activity; engineering
of their interfacial activity via external stimulus (i.e., pH, temperature, or ionic strength);
recyclable for sustainable usage attributed to the possibility of stimuli-induced separation;
high surface-to-volume ratio; manipulation of mass transport across different interfacial
layer; and their multi-functionalities in one Janus nanoparticle [64]. This allows them to
be flexible as either a macro-phase separation or stable emulsion. Furthermore, many
materials especially biodegradable or natural materials such as chitosan, alginates, and
cellulose, have been widely used for the Janus nanoparticles fabrication [37,65–69]. Janus
nanoparticles that respond to changes in pH have been reported for use in bio-imaging and
anti-tumor drug delivery. These nanoparticles enable real-time monitoring and tracking of
drug release [70,71].

Various synthetic techniques are available and optimized to fabricate Janus nanopar-
ticles with the desired shape, size, and physical or biochemical functionality on their
opposite side. Three widely recognized conservative fabrication methods are masking,
phase separation, and self-assembly. Masking is the simplest technique used to fabricate
Janus nanoparticles by covering up one side using either solid or liquid blocking surfaces
while exposing the other side of the particles for chemical modifications. For instance, inor-
ganic Janus particles were produced via the partial coating of calcium carbonate particles
with platinum to create non-Brownian movement in the acidic environment of the tumor
site [72]. This approach allows scientists to manipulate the chemical and structural features of
Janus nanoparticles, resulting in exceptional design and functionality. However, the masking
technique is only appropriate for small-scale laboratory production, making it useful for initial
investigation and basic testing. The phase separation technique works by mixing two or more
incompatible polymers or components before separating them into different compartments of
a single Janus nanoparticle. The pH of the aqueous phase, the makeup of the dispersed phase,
spreading coefficients, and interfacial tension can often impact phase separation and particle
shape [73]. Self-assembly from di-block copolymer is considered one of the easy and simple
methods to synthesize different polymeric Janus nanoparticles by adjusting the cross-linking
degree and molecular weights or ratio of the blocks used [34].

Pickering emulsion on the other hand utilizes the interface of two immiscible fluids for
both particle adsorption and unique surface modifications to synthesize the anisotropic par-
ticles. This technique enables the production of emulsions such as silica-based amphiphilic
Janus particles with colloidal stability that lasts for more than 3 weeks [74]. Nonetheless,
this technique comes with limitations including the tedious multiple steps that require
strict monitoring; limited encapsulation and controlled release capacity; unsuitability for
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biodegradable polymeric Janus particles due to the high temperature and specific solvents
used to eliminate the masking layer [75].

Methods such as microfluidic assembly and a ‘lab-on-a-chip’ system have also been
exploited to fabricate Janus-like dimer capsules. This technique comprises a series of steps
such as fluidic assembly, cross-linkage, and droplet formation that occur on a microfluidic
chip without manual control. Lu and team [67] have designed Janus-like dimers whereby
the functionality and structure of each lobe have been precisely controlled to resume bowl-
ing pin and snowman structures. This method allows the formation of Janus-like dimer
capsules by having two individual biopolymer mixtures with distinct compositions from
two different channels meet at the junction and fuse into one stable formation with distinct
compositions via controlled cross-linking and coalescence. There is also a study reported
on the use of a microfluidic-mediated fabrication method to produce Janus nanoparticles
in a microchannel whereby two adjacent fluid streams with a laminar flow are separated
into discrete droplets via the immiscible phase and finally photo-polymerized into Janus
nanoparticles [76]. However, this method comes with challenges such as low output
efficiency, precise control, and limited polymer choices. Furthermore, there is a fluidic
nanoprecipitation system developed to fabricate Janus nanoparticles made of PLGA. The
results showed that these polymeric Janus nanoparticles effectively encapsulated two dis-
tinct drugs, Paclitaxel (a hydrophobic drug) and Doxorubicin Hydrochloride (a hydrophilic
drug), resulting in varied drug release behavior [77]. This is a single-step method that
utilizes dual inlets to deliver each half of the Janus compartment into the precipitation flow.

Another team of scientists [75] devised a straightforward, one-step solvent emulsion
method for creating hybrid Janus particles. This approach enables the targeted encapsu-
lation of both diagnostic and therapeutic agents into separate compartments of the Janus
complex through drug-polymer interactions and the use of specific biopolymer ratios, as
illustrated in Figure 2. This technique is capable to offer a more cost-effective, scalable, and
seamless approach to synthesizing dual drug-encapsulated theranostic Janus particles with
controlled and different release kinetics. With this method, both the immiscible biodegrad-
able and non-biodegradable polymers are emulsified and segregated into two different
compartments due to the interfacial tensions. This one synthesis setup technique could
replace the single drug-encapsulated particle due to its simplicity and scalability.
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ticles for theranostic applications. (a) Theranostic polymeric Janus particles made of both biodegrad-
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EVA/PLGA Janus particles, (c–f) a comparison of SPION encapsulation in different polymers
i.e., PLLA, EVA, PLGA, and PMMA, (g–i) the formation of SPIONs-encapsulated Janus particles:
EVA/PLLA, EVA/PLGA, and PMMA/PLGA. Reproduced with permission from Lim et al. Ref. [75].
Copyright 2019 Wiley.
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3.2. Dendrimers

Generally, dendrimers are synthesized using conventional methods, such as cascade
reactions, and divergent as well as convergent approaches [78]. The cascade strategy
involves the assembly of three sub-nano/picoscopic-sized repeated units via reaction with
a divalent terminus to produce a branched cell with a branch juncture. The generation
zero (0) of the dendrimer is formed by attaching the first branch to the reference point for
yielding a labeled branch with a valency of four. Later, the first and second generation of
dendrimers was formed by stepwise attachment of repeat units according to their incipient
valency [79]. Even though the cascade strategy is initially used, convergent and divergent
approaches are commonly utilized for the fabrication of dendrimers as shown in Figure 3. In
a divergent approach, the dendrimers are synthesized from the core to the branches through
repeated coupling and activation steps in an outward direction [45]. Hence, the cascade
strategy is also considered a type of divergent approach for dendrimer formation [80].
Recently, Rauch et al. (2020) utilized an iterative divergent approach for the preparation
of conjugated starburst borane dendrimers. In this study, the dendrimer was prepared in
three steps: the functionalization of iridium-catalyzed carbon-hydrogen borylation and
activation of fluorine-generated boronate ester with potassium bi-fluoride and expansion
of trifluoroborate salts with aryl Grignard reagent reaction [81]. In a convergent approach,
the branches (dendrons) of the dendrimer were prepared initially, which is finally coupled
to the moiety in the core after the activation of their focal point [82]. It can be noted
that the growth of the dendron is straightforwardly monitored via a convergent method,
compared to a divergent approach [83]. Bondareva et al. (2020) prepared sulfonimide-
based dendrimers and dendrons with the help of a convergent approach. In this study,
both convergent and divergent methods were used to create sulfonimide-based dendrons
and dendrimers with chlorosulfonic groups as the central focus. Suprisingly, the results
indicated that the convergent method of creating dendrons reached its practical limit in the
third generation, making a divergent approach necessary for producing sulfonimide-based
dendrimers with more generations [84].
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Apart from the conventional divergent and convergent approach, revised traditional
methods, such as the hyper monomer method, double-stage convergent growth, and
double exponential growth were also used for the synthesis of dendrimers [86]. Monomers
with higher functional group numbers were employed in the hyper monomer approach
for dendrimer synthesis in fewer steps, compared to the traditional AB2 monomer [87].
Balaji and Lewis (2009) synthesized a novel aliphatic polyamide dendrimer by AB2 hyper
monomer strategy and double exponential growth. The study showed that the yield of the
dendrimer is about ~93%, which is reduced to about ~89% after 30 min of the purification
process [88]. In a final step, low-generation dendrimers and dendrons are linked together
through parallel synthesis in a double-stage convergent growth approach [89]. Recently,
Agrahari et al. (2020) demonstrated the synthesis of novel glycol-dendrimers and dendrons
coated with galactose was achieved through an efficient click approach and double-stage
convergent method. The study emphasized the synthesis of a novel galactose coated 9-
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peripheral glycodentromer of the zeroth generation and a galactose-coated 27-peripheral
glycodentromer of the first generation [90]. Further, low-generation dendrons that were
fully protected or deactivated were created, and then actively selected at their periphery
or central focus, and joined to produce higher generations of fully protected dendrons
through a double exponential growth method [91]. Hartwig et al. (2010) prepared A novel
polyglutamate dendrimer of the fourth generation was produced through an iterative
binomial exponential growth method. The research demonstrated that this synthesis
technique can aid in incorporating either D-alt-L or all-(L) stereochemistry in the peptide
backbone and is useful for post-functionalization of the dendritic core and periphery [92].

Additionally, orthogonal, chemoselective reactions (click chemistry), one-pot synthesis,
and heterofunctional fabrication approaches were introduced for dendrimer formation.
The click approach makes use of Diels-Alder cycloaddition and thiol-ene coupling, which
are highly selective chemical reactions, and offer a reliable platform for the synthesis of
complex macrostructures [93]. Ma et al. (2009) fabricated a novel polyester dendrimer via a
sequential click coupling of asymmetrical monomers. In this study, mechanistic or kinetic
chemoselectivity was combined with click reactions between the monomers for efficient
dendrimer synthesis via simple sticking of generation by generation together [94]. When
different monomers, such as Abx and CDy, instead of ABn monomer in divergent growth
approach for dendrimer formation is termed as orthogonal growth method [95]. Liu et al.
(2022) fabricated scaffold-modifiable dendrons via an orthogonal protection strategy. The
study revealed that this approach can yield fourth-generation dendrons within 2 days
without any significant defects in their structure [96]. Kothari et al. (2013) demonstrated
an efficient and accelerated preparation of multifunctional dendrimers via nucleophilic
substitution and orthogonal thiol-ene reactions. In this study, multifunctional dendrimers
synthesized via an orthogonal approach did not possess the ability to carry out protection-
deprotection steps to apply for complex organic molecule construction [97]. Moreover,
the heterofunctional method is employed to produce dendrimers with a precise and large
number of unique functional groups while maintaining structural integrity within the
framework [98]. Goodwin and colleagues synthesized a heterobifunctional, biodegradable
dendrimer through the creation of a symmetric aliphatic ester dendrimer derived from 2,
2-bis(hydroxymethyl) propanoic acid. The dendrimer featured a cyclic carbonate periphery
and functional amine at the opening of the carbonate moieties. This approach was deemed
advantageous for the formation of a dendrimer with eight alkynes and eight protected
aldehydes on its periphery, as the resulting dendrimer did not require purification through
chromatography [99]. All the above-mentioned methods require purification approach
to yield pure dendrimer, either one way or the other. Hence, one pot synthesis has been
introduced for the formation of dendrimers, which does not require any purification
steps [100]. Recently, Yan et al. (2022) utilized one pot periodate oxidation approach for
the preparation of dialdehyde cellulose and are modified with polyamidoamine (PAMAM)
dendrimer of zero generation via hyperbranched crosslinking synthesis to yield cellulose-
based dialdehyde polymers. The study showed that the dendrimer was grafted onto
the backbone of cellulose with a crystallinity of 46.5%, uniform long-strip structure and
excellent particle size distribution [101].

In recent times, several novel synthesis approaches were introduced for the prepa-
ration of dendrimers. Mahdavijalal et al. (2023) prepared a PAMAM dendrimer that is
anchored to tungsten disulfide (WS2) nano-sheets via a grafting approach. In this study,
the stimulus-responsive polymer was prepared by suspending WS2, 2, 2′ azobisisobuty-
ronitrile (AIBN) as the radical initiator and poly (N-vinyl caprolactam) (PNVCL) in ethanol
under a nitrogen atmosphere, stirring was conducted at 65 ◦C in a paraffin bath that was
temperature-regulated, lasting for 7 h. The resultant surface-modified nano-sheets were
utilized for the fabrication of three generations of PAMAM dendrimers via grafting, pre-
cipitation, and centrifugation technique. The electron micrograph results revealed that
before the surface modification, the nano-sheets were 20–50 nm in size and had an in-
consistent thickness. However, after the surface modification using PAMAM dendrimers,
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the size of the nano-sheets increased to 80–90 nm, with a more uniform thickness [102].
Further, Sohail et al. (2020) synthesized PAMAM dendrimers via a divergent approach with
monomer coupling and monomer end-group transformation for the creation of reactive
surface functionality as well as coupling of a novel monomer via solid-phase peptides or
oligonucleotide synthesis. In this study, needle-like and spherical structures were produced
during the synthesis of PAMAM dendrimers with ester-terminated half-generation and
amino-terminated full-generation, respectively with ~827 nm of hydrodynamic size [103].
Furthermore, Bafrooee et al. (2020) utilized the chemical co-precipitation method for
carboxyl-terminated hyperbranched PAMAM dendrimer formation, that is grafted with
superparamagnetic iron oxide nanoparticles in a core-shell structure. The study revealed
that the synthesis process resulted in the formation of a dendrimer with an average of
5.5 generations and an average pore diameter of 11.83 nm. The size of the dendrimer was
observed to be in the range of 20–75 nm, with a spherical shape [104].

4. Bioavailability of Janus Nanoparticles

Green chemistry aims to limit or reduce the use and/or creation of hazardous mate-
rials starting from the initial design process to production and finally to the application
of a product. This promotes prevention over remediation for material sustainability and
safety. The production of Janus nanoparticles is via green chemistry. This is because Janus
nanoparticles are mostly made of biogenic materials, including both natural and synthetic
biopolymers that are biodegradable and biocompatible. This leads to the development
of bioavailable, sustainable, and eco-friendly materials, especially for biomedical applica-
tions, which can eventually help to address the toxicity issues of some available materials.
Organic and soft materials are used to fabricate most biocompatible and biogenic Janus
particles using e.g., single/double emulsion, microfluidic, co-jetting, solvent evaporation,
polymerization [64]. In addition, many biocompatible synthetic biomaterials are used for
Janus nanoparticles synthesis which includes the FDA-approved poly(lactic-co-glycolic
acid) (PLGA), polycaprolactone (PCL), and poly(lactic acid) (PLA) for their pharmaceutical
delivery applications. They are often been utilized for time-programmed single/dual
drug delivery and release at dual-site with simultaneous/stimuli-dependent release of two
incompatible drugs due to their difference in biodegradability [73].

Some studies have reported the use of Janus nanoparticles with high bio-distribution
for intercellular transportation and cellular uptake. For instance, Shao and their team
have developed rod-like magnetic nanosized silica mesoporous particles via the modified
sol-gel approach. The results indicated that a more targeted drug delivery efficacy has been
achieved with higher retention and accumulation at the tumor sites via varying endocytic
pathways, leading to higher intracellular internalization and bioavailability [105]. Another
study by Shao, et al. [106] also demonstrated the bioavailability of doxorubicin-loaded Janus
nanocomposites by concentrating the accumulation of the drug at the targeted site of the
liver tumor with high tumor cell endocytosis whilst offering ‘zero’ release of doxorubicin
to the other surrounding normal cells and blood circulatory system.

Many studies have investigated the cytotoxicity of Janus nanoparticles, indicating
their excellent biocompatibility, especially for clinical applications. Cao and team have
demonstrated the cytotoxicity of dual-drug loaded Janus nanoparticles in HeLa cells and
MDA-MB-231 cancer cell line via the colorimetric cell viability assay [71]. Results revealed
more than 90% of cell viability even with such a high concentration of Janus nanoparticles
~500 µg/mL. Moreover, it showed a lower IC50 as compared to free drugs. Furthermore,
Janus nanoparticles are capable to offer a lowered systematic toxicity with significant
tumor growth inhibition as compared to other core-shell nanoparticles [107]. Based on
the cytotoxic Sulforhodamine B assessment performed under both normoxic and hypoxic
environments, Janus nanoparticles can selectively eliminate the hypoxic liver cancer cells
with dose-dependent cytotoxicity without inhibiting the normal surrounding cells for better
and safer therapeutic outcomes. Besides, modifying the nanoparticles with silica could be
crucial in enhancing their biocompatibility, specifically in the case of Janus nanoparticles.
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Additionally, Zhao, et al. [108] have invented Janus hollow spheres with dose-dependent
cytotoxicity. According to their research, the safety level of doxorubicin-loaded Janus
hollow spheres was found to be favorable in the U87MG cell line when tested using the
CCK-8 assay at both pH 6.4 and 7.4 with particle concentrations as high as 200 µg/mL.
The results of both the cell viability tests and the pH-dependent toxicity evaluations
indicate that Janus hollow spheres have the potential to be a secure and effective vehicle for
targeted drug delivery. Another study has described the cytotoxicity evaluation of Janus
nanoparticles after penetrating the blood-brain-barrier via the 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium-bromide (MTT) assay using the rat C6 glioma cell line, at different
time intervals and pH. The study revealed that the optimal conditions for maintaining cell
viability above 50% were a minimum pH of 6.2 and a maximum incubation time of 24 h.
Also, the results indicated that fewer Janus nanoparticles were present in non-targeted
normal cells, likely due to the extended blood circulation time of the Janus nanoparticles,
as well as the strong covalent bond between the encapsulated doxorubicin and its Janus
compartment. As a result, doxorubicin was only released when triggered by the acidic
condition of cancerous cells via breakage of imine bond, indicating the safe usage of Janus
nanoparticles for targeted drug therapies.

5. Bioavailability of Dendrimers

It can be noted that dendrimers are biocompatible and less toxic to be used in biomed-
ical applications, similar to Janus particles. Rehman et al. (2021) prepared a novel resorcin
arene-based dendrimer vesicles of nano-size based benzyloxy macrocycle. In this study,
4-benzyloxy benzaldehyde and resorcinol were dissolved in acetic acid under constant
stirring conditions. Later, their pH was altered using sulphuric acid under reflux condi-
tions for 24 h at 50 ◦C. A brown precipitate was formed as a resultant sample, which was
filtered, washed with water, and dried, where the recrystallization of brown precipitate in
tetrahydrofuran or methanol mixture (2:8, v/v) with 88% of yield. This study demonstrated
that the synthesized dendrimer was highly effective for encapsulating quercetin, which
was found to exhibit low toxicity in the NIH-3 T3 cell lines. The lower toxicity of the
dendrimer-encapsulated quercetin towards cells is identified to be due to the existence of
four hydrophobic benzyl groups with appropriate lipophilicity of benzyloxy macrocycle
and their slightly amphiphilic nature with structural saturation [109]. Further, Giorgadze
et al. (2020) synthesized PAMAM dendrimers of four generations to be useful for the
encapsulation of silver atoms. The results showed that the dendrimers were stable at ~5 nm
in size with strong visible light absorption. The study emphasized that the silver atoms in
dendrimers can able to overcome the cell nucleus and membrane of 8–9 nm of pore size,
which can subsequently reduce their cytotoxicity and improve their biocompatibility [110].
Furthermore, Bhatt et al. (2019) developed a dendrimer via alpha-tocopheryl succinate
(alpha-TOS) conjugation and coating polyethylene glycol (PEG) on the surface of PAMAM
dendrimer (four generations) as shown in Figure 4. The resultant dendrimer was uti-
lized to improve intracellular paclitaxel delivery, which is a chemotherapeutic drug that is
poorly soluble in water. The hemolysis assay revealed that the resultant dendrimer was
nontoxic to red blood cells with high biocompatibility. Later, the cellular uptake assay
conducted on B16F10 monolayer cells and MDA MB231 3D spheroids showed that the con-
jugation of alpha-TOS significantly improved the time-dependent uptake of the nanoscale
dendrimer [111].

Noorin et al. (2021) created a novel second-generation linear globular dendrimer made
of Gadoterate Meglumine and of nanoscale size.The resultant dendrimer was identified to
be almost nontoxic towards immortalized human embryonic HEK 293 kidney cells and
human glioblastoma cell culture [112]. Similarly, Ahmed et al. (2021) prepared a novel
surface modified four generation PAMAM dendrimer via 4-nitrophenyl chloroformate as
an activator and 2 kDa of PEG with spherical or semi-spherical morphology for the con-
trolled delivery of anti-tuberculosis rifampicin drug. The findings indicated that the surface
of the dendrimer was coated with PEG at a level of 38–100%, leading to a slower release
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rate of rifampicin compared to the non-PEGylated formulation and the unencapsulated
drug. The study found that the fully functionalized dendrimer exhibited reduced toxicity
towards raw 264.7 cell lines [113]. Likewise, Alfei et al. (2020) created a new biodegrad-
able fifth-generation dendrimer based on polyester and featuring a free carboxylic group.
The dendrimer was synthesized using dichloromethane, N, N’-dicyclohexylcarbodiimide
(DCC), 4-(dimethylamino) pyridinium 4-toluene sulfonate and was protected with an ace-
tonide group. Later, the dendrimer was used to encapsulate Etoposide (ETO), a substance
derived from podophyllotoxin, the main chemical component found in the herbaceous
plants named Podophyllum hexandrum and P. peltatum. The studies revealed that the den-
drimer with ETO was 70 nm in size with nano-spherical morphology, 37% of drug loading,
53% of entrapment efficiency, and possess enhanced solubility in biocompatible solvents,
such as ethanol and water. The cytotoxicity studies on neuroblastoma cells emphasized that
the dendrimer and ETO possess cytotoxic and pro-oxidant properties and their bioactivity
was synergistically improved after encapsulation due to the slow release of ETA [114].
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6. Janus Nanoparticles for Target-Specific Delivery Applications

The advancement in nanotechnology has allowed Janus nanoparticles to serve as
nanomedicines to regulate both the bio-distribution and tumor accumulation of admin-
istered medical drugs for better efficacy. Janus metallic mesoporous silica nanoparticles
(JMMSNs) have been developed to be cancer-targeting for cancer theranostics with multi-
functions such as magnetic resonance imaging as well as drug release and therapy [115].
This is attributed to JMMSNs that possess anisotropic compositions with stimuli-responsive
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properties to provide both tumor diagnosis and therapy synergistically [115]. JMMSNs
are capable to load both diagnostic and therapeutic agents in separate compartments and
release them spatiotemporally in response to different stimuli for the cancer-targeted de-
livery. Janus magnetic nanoparticles possess magnetic properties that make them suitable
for both enhancing MRI imaging as a contrast agent and delivering drugs when used
in conjunction with hyperthermia [116]. Hence, Janus magnetic nanoparticles are widely
recognized as safe and effective carriers for biological drugs such as genes, proteins, and other
biological molecules due to their controlled and sustained drug release profile and their ability
to efficiently load drugs through the use of an external magnetic field. Moreover, the size of
nanoparticles allows them to penetrate targeted cells as well as the blood-brain-barrier whilst
maintaining the retention effect [117]. Janus nanoparticles have been revealed as a highly
promising delivery vehicle for pharmaceuticals due to their superior properties, and they can
be decorated with various targeting, diagnostic, and therapeutic biological molecules further
to advance the use of nanomedicine with multiple functions. Table 1 shows a summary of
reported works that exploited Janus nanoparticles for target-specific delivery and therapy.

Table 1. A summary of reported studies on the targeted delivery applications of Janus nanoparticles.

Janus Nanoparticles Fabrication Technique Target-Specific Delivery Applications References

Anti-epithelial cell adhesion
molecule (EpCAM)-coupled

JMMSNs
Modified sol-gel method

• To detect the circulating tumor cells and MCF-7 breast cancer cells in
both blood samples and spiked cells with the use of
magnetic-fluorescent nanoprobes.

• Rod-shaped EpCAM-coupled JMMSNs are capable of improving
both the capture and binding efficiency of circulating tumor cells that
have escaped from the site of the tumor.

• Anti-EpCAM serves as a targeting element whilst fluorescent probe
loading allows bioimaging of the tumor cells.

[118]

Doxorubicin-loaded Magnetic
Fe3O4- mesoporous SiO2 Janus

nanoparticles

High-temperature hydrolysis
reaction and modified sol-gel

process

• It is a multifunctional Janus nanocomposite developed to target and
treat liver cancer by inhibiting tumor cell growth.

• The tumor-targeted drug delivery is accomplished through magnetic
targeting and controlled drug release, resulting in improved
permeability and retention.

• This helps to enhance the chemotherapeutic effects whilst minimizing
the side effects via the magnetic-guided accumulation at the targeted
cancer cells.

[106,119]

Stimuli-responsive
Doxorubicin and

6-mercaptopurine dual-drug
loaded Janus nanoparticles

Sol-gel method and modified
Pickering emulsion technique

• This Janus nanoparticle design enables real-time monitoring of
dual-drug controlled drug release within living cells through the use
of surface-enhanced Raman scattering and Fluorescence resonance
energy transfer.

• The release of both drugs is triggered by the overexpressed
glutathione and acidic environment of tumor sites, leading to better
anti-cancer therapeutic effects as compared to single-drug loaded
Janus nanoparticles.

[71]

pH-responsive Tirapazamine
drug-loaded Janus

nanocomposites
Sol-gel method

• To treat liver cancer specifically targeting hypoxic over normoxic liver
cancer cells, in response to acid stimuli.

• It works as a hypoxia-directed chemotherapy to enhance the
synergistic radio-chemo-photothermal therapy that suppresses the
growth of hypoxic tumor cells via enhanced folic acid-mediated
endocytosis.

[107]

Bi-layered, pH-responsive PCL-
poly (diethlyaminoethyl-

methacrylate) (PDEAEMA)
polymeric Janus hollow

spheres

Dual-step polymerization
using silica particles:

surface-initiated ring-opening
polymerization and atom

transfer radical polymerization
techniques

• A pH-dependent controlled release of encapsulated Doxorubicin at
the targeted tumor site can be achieved.

• The result reveals a higher intracellular uptake and drug release rate
of these doxorubicin-loaded PCL-PDEAEMA Janus particles at the
pH of the tumor environment as compared to the physiological pH of
other normal cells.

[108]

Doxorubicin-loaded folic
acid-coupled Janus

nanoparticles
Pickering emulsion technique

• A potential SPION-based pH-sensitive targeted multifunctional Janus
nanoparticles have demonstrated the capability to pass through the
blood-brain barrier due to their surfactant properties for targeting
and treating brain cancerous cells.

• Results show that Janus nanoparticles can be delivered specifically to
the glioma tumor site with increased tumor accumulation using folic
acid as the targeting element. In addition, the release of doxorubicin
is highly dependent on the acidic condition of tumor cells with
improved cytotoxicity.

[117]
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7. Dendrimers for Target-Specific Delivery Applications

Recently, numerous dendrimers were identified to be beneficial as potential targeted
drug delivery systems for specific biomedical applications. Swanson et al. (2022) syn-
thesized a novel fifth-generation PAMAM dendrimer, which was surface-modified and
functionalized with folic acid. The remaining primary amines in the terminal dendrimer
part were conjugated with the bifunctional 1, 4, 6, 10-tetraazacyclododecane-1, 4, 7, 10-
tetraacetic acid, alpha-[5-isothiocyanato-2-methoxyphenyl]-, hydrochloride [9Cl] (NCS-
DOTA) chelator, where stable gadolinium complexes were loaded into the dendrimer. The
resultant dendrimer nanoparticle was about ~5 nm in size with the ability to be a poten-
tial target-specific magnetic resonance imaging (MRI) contrast agent with high affinity
towards folate receptors in the liver and kidney for identifying human epithelial cancer
cells in a murine model [120]. Similarly, Mbatha et al. (2019) prepared PAMAM den-
drimer modified with folic acid and functionalized with nanosized gold particles for the
efficient and targeted transport of exogenous small interfering ribose nucleic acid (siRNA).
The study emphasized that the resultant dendrimer nanosized particles were spherical
shaped with 65–128 nm of size and zeta potential above 25 mV, which indicates their
high colloidal stability. Additionally, the dendrimer-based nanocomplex was less toxic
to human embryo kidney (HEK-293) and HeLa-Tat-Luc cells (about 90% of cell viability).
The study emphasized that the nanocomplex helped in the 75% increase in the induced
transgene-silencing of siRNA and decrease the presence of excess folic acid for effective
inhibition of hepatocellular carcinoma (HEPG2) and colon carcinoma (Caco-2) cells [121].
Likewise, Umeda et al. (2010) demonstrated the fabrication of polyethylene glycol (PEG)
attached to a PAMAM dendrimer of four generations for the encapsulation of nanosized
gold particles as shown in Figure 5. The results revealed that the nanosized gold particles
were 2–3 nm in size with spherical morphology, which is engulfed by a single dendrimer
particle, while the PEGylated dendrimer encapsulated gold nanoparticles were 15 nm in
size. The study revealed that the dendrimers with gold nanoparticles possess enhanced
toxicity against HeLa cells under the irradiation of visible light via photoinduced heat
generation capability [122].
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Xiong et al. (2019) exhibited the formation of carboxybetaine acrylamide zwitterion
functionalized fifth-generation PAMAM dendrimer and morphine, which is an agent to tar-
get lysosome and to entrap nanosized gold particles. The study showed that the nanosized
gold particles entrapped by dendrimer are beneficial for the delivery of the H1C1 gene,
enhanced by serum. The results showed that the dendrimer-entrapped nanosized gold
particles were of size ~1.5 nm, where the vector system helped to carry the H1C1 protein for
effective cancer cell migration and metastasis inhibition [123]. Further, Sharma et al. (2021)
prepared novel hydroxyl terminated PAMAM dendrimers, that are modified with sugar
moieties, such as alpha-D-mannose, beta-D-glucose, or beta-D-galactose via click chemistry
approach. The resultant dendrimers were ~4 nm of average particle size with nearly neutral
zeta potential and are utilized to target tumor-associated macrophages and microglia. The
study showed that the glucose-modified dendrimer has increased brain penetration and
cellular internalization, compared to other sugar moieties. It has been proposed that these
dendrimers can be potential delivery vehicles for the treatment of glioblastoma and other
types of cancers [124]. Furthermore, Zhang et al. (2020) utilized in situ growth approach
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for the preparation of novel PAMAM dendrimers (0.5, 1.5, 2, and 2.5 generation) that are
grafted on the persistent luminescence nanoparticles (PLNPs) surface. The aptamer AS1411
was coupled with the nanoparticle-dendrimer to specifically bind with the over-expressed
nucleolin on the tumor cell membrane, thus increasing the intracellular accumulation of the
nanoparticle. The PLNPs were spherical and 15.2 nm of average particle size. In addition,
an anticancer drug named doxorubicin was also loaded in the dendrimer-nanoparticle-
based delivery system via a pH-sensitive hydrazine, which was identified to be released in
the targeted site of the intracellular acid environment. The new drug delivery system using
dendrimers was found to have the capability of inducing apoptosis in HeLa tumor cells and
inhibiting tumor growth [125]. The results of these studies suggest that dendrimers, partic-
ularly PAMAM dendrimers, have the potential to serve as effective drug delivery systems
for treating specific diseases. Apart from drug delivery, dendrimers are also utilized as a
potential gene delivery system. Ebrahimian et al. (2022) developed a novel lipo-polymeric
PAMAM dendrimer-liposome, that are functionalized with transactivator of transcription
(TAT) peptide and hyaluronic acid for targeted gene delivery system development. The
study showed that the lipo-polymer possesses no significant toxicity with enhanced trans-
fection efficiency in murine colon carcinoma cell line (C26), which will be beneficial for gene
delivery applications [126]. Additionally, the incorporation or encapsulation of metals and
metallocomplexes within the dendritic scaffold (metallodendrimers) holds the potential to
yield novel metallodrugs or offer a new approach for the in situ delivery of metallodrugs.
In this area, several works with in vitro and in vivo results were published by Rodrigues
and coworkers, involving ruthenium compounds (an alternative metal for platinum-based
anticancer resistant drugs) (Figure 6) [127,128], as well as platinum and platinum deriva-
tives as anticancer drugs [128,129]. In any case, the research of the dendrimers is not
exclusively restricted to the preparation of drug delivery systems. For instance, Rodrigues
and coworkers developed new anionic poly (alkylideneamine) dendrimers until generation
3 with carboxylate and sulfonate terminal groups. These dendrimers have shown in vivo,
to be very effective as microbicide against HIV-1 infection [130]. Thus, novel dendrimer
structures were developed by the team, where their ability for targeted and controlled drug
delivery is expected to be improved in the future.
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8. Janus-Dendrimer Particles in Target-Specific Delivery Applications

The enhanced targeted drug delivery ability of Janus structures and dendrimer
nanoparticles has led to the emergence of novel Janus-dendrimer nanoparticles to improve
their controlled delivery. Further, Janus-dendrimer possess exclusive properties and struc-
tures in combinations with different end-group types and distinct surfaces, which makes
them a better candidate to form unique drug complexes and conjugates [131]. These Janus-
dendrimer particles were fabricated based on chemo-selective coupling, heterogenous
double exponential growth, and mixed modular approach to be useful for stochastic and
multiple drug conjugation-based combination therapy, solubility enhancement, antioxidant
lyophilization, targeted delivery, and as fluorescent labels. In addition, the self-assembled
Janus-dendrimer particles were identified to be beneficial for the vesicular delivery system,
especially for pH-responsive delivery, targeted delivery, spatiotemporal delivery, and site-
specific drug delivery [132]. Pan et al. (2012) created a new Janus-dendrimer particle that
was amphiphilic and had peripheral groups made up of acidic amino acids and naproxen
molecules, designed for efficient drug delivery to bones. The second-generation dendrimers
with >95% of binding rates towards hydroxyapatite in bones, 28-fold enhanced the solu-
bility of naproxen for about 5.37 mg/mL of concentration, compared to the standalone
drug. Moreover, the study also revealed that the Janus-dendrimers do not possess any
significant cytotoxicity toward HEK293 cells [133]. Further, Iguarbe et al. (2019) created an
effective liquid crystal Janus-dendrimer particle made up of mesogenic blocks based on
two third-generation Percec-type dendrons with terminal dodecyloxy alkyl chains and one
or two carbazole units serving as the electrically active component. The study reported
that the carbazole dendrimers were prepared via electrodeposition to form semi-globular
particles with electro-polymerizable units. Also, the resultant particles were able to retain
the rigid or flexible characteristics of the linker, which eventually influences the size of
the particle [134]. Furthermore, a link was established between hydrophobic paclitaxel
and the Janus PEGylated peptide dendrimer by Li et al. (2017), through the use of an
enzyme-sensitive glycylphenylalanylleucylglycine tetrapeptide as a connector, using an
efficient click reaction as shown in Figure 7. The resultant Janus-dendrimer particle pos-
sesses the ability to encapsulate 21% of paclitaxel with an average hydrodynamic size of
~69 nm, a narrow polydispersity index of 0.23, the zeta potential of −16.9 mV and spherical
morphology. The study showed that the Janus-dendrimer nanoparticle release paclitaxel
via enzyme responsive feature and is identified to be highly cytotoxic towards 4T1 (murine
breast) cancer cells without any toxicity against normal cells, such as 3T3 murine fibroblast
and C2C12 murine myoblast cell lines [135].

Recently, Falanga et al. (2021) created a new type of Janus-like dendrimer that incor-
porates peptides derived from the glycoproteins (gH and gB) of Herpes Simplex Virus
Type 1 (HSV1), aimed at inhibiting viral infection. This was achieved through the com-
bination of copper-catalyzed bio-orthogonal 1,3-dipolar azide/alkyne cycloaddition and
photoinitiated thiol-ene coupling, producing both monofunctional and bifunctional pep-
tidodendrimer conjugates. The study revealed that the peptides released by the formu-
lation possess enhanced antiviral activity by inhibiting the DNA replication of HSV1,
compared to conventional antiviral drugs, such as foscarnet, acyclovir, and cifofovir [136].
Similarly, Najafi et al. (2020) prepared a novel poly (propyleneimine) (PPI) dendrimer of
the fifth generation with a core of cystamine and a hydrophobic surface. Later, the structure
scission approach was used to convert disulfide bonds to thiol group and hydrophilic
PAMAM dendrons were formed with amine end groups. The study demonstrated that the
Janus-like dendrimer, with an average hydrodynamic size of 4.2–28.2 nm, has the ability to
enhance the solubility of hydrophobic drugs such as dexamethasone and tetracycline [137].
Likewise, Zhang et al. (2022) designed a hydrophobic multifunctional sequence-defined
ionizable amphiphilic Janus-dendrimer region via dissimilar alkyl lengths. The research
found that the Janus-dendrimer particles greatly enhanced the activity of the hydrophobic
3, 5-, 3, 4-, and 3,4, 5-substituted phenolic acids they encapsulated, by up to 90.2 times [138].
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All these studies showed that the Janus-dendrimer nanoparticles possess enhanced drug
delivery capacity, compared to standalone Janus particles and dendrimers.
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9. Limitations and Future Perspective

Dendrimers, Janus particles, and Janus-dendrimer nanoparticles have been identified
as potential candidates for improved drug delivery applications. However, there remain
several limitations that must be overcome before they can be utilized in large-scale com-
mercial applications. The synthesis of Janus particles is one of the major limitations, as
it is a multi-step process that can be tedious and challenging to achieve sub-micrometer
particle size [139]. The various synthesis approaches, including masking, phase separa-
tion, microfluidics, E-jetting, emulsion, and self-assembly, each have their own drawbacks
which hinder their scalability. Additionally, general limitations of nanoparticles such as
polydispersity, size-dependent toxicity, and the use of hazardous chemicals in synthesis
are also applicable to Janus nanoparticles [140]. Dendrimers also face several limitations,
particularly at generations higher than 3–4, including high cost of synthesis, a lack of
understanding of their effects on biochemical pathways and toxicity, and difficulties in
engineering multifunctional dendrimers, especially the tediousness in purification and
the yields of the end product. The toxicity of dendrimers has been reported in various
studies and can result from improper processing, leading to undesirable side effects, low
tolerability, and inefficient drug delivery [141–143]. To address these limitations, the use
of lower dendrimers generations with less toxic terminal groups and the use of computa-
tional software and machine learning approaches have been employed to optimize Janus,
dendrimer, and Janus-dendrimer synthesis parameters. These computational approaches
have the potential to reduce the number of experiments and the cost of production, while
providing greater insight into the interaction of nanoparticles with biological environments.
However, these computational approaches are still in the early stages of research, are highly
dependent of the data availability, particularly with regards to the synthesis of nanoparti-
cles and evaluation of their properties and interactions in biological environments [144,145].
In conclusion, the future of Janus and dendrimer nanoparticles for improved drug delivery
will likely benefit from a combination of enhanced electron microscopes, synthesis tech-
niques, computational approaches, and machine learning techniques. This will enable the
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synthesis of novel and highly efficient nanoparticles with improved bioavailability for drug
delivery applications.

10. Conclusions

Recently, there has been an increasing interest in developing a novel drug delivery
system that can enhance targeted and controlled drug delivery while reducing toxicity
and increasing biocompatibility. Janus and dendrimer particles have been introduced as
potential drug delivery systems due to their unique properties compared to conventional
delivery systems. These particles have the ability to encapsulate and release drugs in a
controlled manner, acts as a drug per se, which can improve the efficacy of drugs and
reduce their side effects. However, there are limitations to the use of these materials in
commercial pharmaceutics, including lack of scalability, high production cost, and the use
of toxic chemicals in synthesis. The emergence of Janus-dendrimer particles holds promise
for overcoming these limitations. The combination of Janus and dendrimer particles
can result in enhanced drug delivery and improved biocompatibility. However, it is
important to improve the stability and toxicity of these particles in the future. This can
be achieved through simulation, modeling-based computational and machine-learning
approaches, as well as by optimizing the synthesis process and reducing the use of toxic
chemicals. With these advancements, Janus-dendrimer particles could become a key tool
in advancing drug delivery technology and improving patient outcomes. Their utility
extends to various applications within the healthcare field and beyond, opening up new
possibilities for innovation.
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73. Ekanem, E.E.; Zhang, Z.; Vladisavljević, G.T. Facile Production of Biodegradable Bipolymer Patchy and Patchy Janus Particles
with Controlled Morphology by Microfluidic Routes. Langmuir 2017, 33, 8476–8482. [CrossRef]

74. Jiang, S.; Chen, Q.; Tripathy, M.; Luijten, E.; Schweizer, K.S.; Granick, S. Janus Particle Synthesis and Assembly. Adv. Mater. 2010,
22, 1060–1071. [CrossRef]

75. Lim, Y.G.J.; Poh, K.C.W.; Loo, S.C.J. Hybrid Janus Microparticles Achieving Selective Encapsulation for Theranostic Applications
via a Facile Solvent Emulsion Method. Macromol. Rapid Commun. 2019, 40, 1800801. [CrossRef] [PubMed]

76. Nie, Z.; Li, W.; Seo, M.; Xu, S.; Kumacheva, E. Janus and ternary particles generated by microfluidic synthesis: Design, synthesis,
and self-assembly. J. Am. Chem. Soc. 2006, 128, 9408–9412. [CrossRef] [PubMed]

77. Xie, H.; She, Z.-G.; Wang, S.; Sharma, G.; Smith, J.W. One-Step Fabrication of Polymeric Janus Nanoparticles for Drug Delivery.
Langmuir 2012, 28, 4459–4463. [CrossRef]

78. Abbasi, E.; Aval, S.F.; Akbarzadeh, A.; Milani, M.; Nasrabadi, H.T.; Joo, S.W.; Hanifehpour, Y.; Nejati-Koshki, K.; Pashaei-Asl, R.
Dendrimers: Synthesis, applications, and properties. Nanoscale Res. Lett. 2014, 9, 247. [CrossRef]

79. Tomalia, D.A. Starburst/Cascade Dendrimers: Fundamental building blocks for a new nanoscopic chemistry set. Adv. Mater.
1994, 6, 529–539. [CrossRef]

80. Newkome, G.R.; Weis, C.D.; Childs, B.J. Syntheses of 1→ 3 branched isocyanate monomers for dendritic construction. Des.
Monomers Polym. 1998, 1, 3–14. [CrossRef]

81. Rauch, F.; Endres, P.; Friedrich, A.; Sieh, D.; Hähnel, M.; Krummenacher, I.; Braunschweig, H.; Finze, M.; Ji, L.; Marder, T.B. An
Iterative Divergent Approach to Conjugated Starburst Borane Dendrimers. Chem. A Eur. J. 2020, 26, 12951–12963. [CrossRef]

82. Pittelkow, M.; Christensen, J.B. Convergent synthesis of internally branched PAMAM dendrimers. Org. Lett. 2005, 7, 1295–1298.
[CrossRef]

83. Hawker, C.J.; Frechet, J.M.J. Preparation of polymers with controlled molecular architecture. A new convergent approach to
dendritic macromolecules. J. Am. Chem. Soc. 1990, 112, 7638–7647. [CrossRef]

84. Bondareva, J.; Kolotylo, M.; Rozhkov, V.; Burilov, V.; Lukin, O. A convergent approach to sulfonimide-based dendrimers and
dendrons. Tetrahedron Lett. 2020, 61, 152011. [CrossRef]

85. Grayson, S.M.; Fréchet, J.M.J. Convergent Dendrons and Dendrimers: from Synthesis to Applications. Chem. Rev. 2001, 101,
3819–3868. [CrossRef]

86. Walter, M.V.; Malkoch, M. Simplifying the synthesis of dendrimers: Accelerated approaches. Chem. Soc. Rev. 2012, 41, 4593–4609.
[CrossRef] [PubMed]

87. Wooley, K.L.; Hawker, C.J.; Fréchet, J.M.J. A “Branched-Monomer Approach” for the Rapid Synthesis of Dendimers. Angew.
Chem. Int. Ed. Engl. 1994, 33, 82–85. [CrossRef]

88. Balaji, B.S.; Lewis, M.R. Double exponential growth of aliphatic polyamide dendrimersvia AB2 hypermonomer strategy. Chem.
Commun. 2009, 4593–4595. [CrossRef]

89. Miller, T.M.; Neenan, T.X.; Zayas, R.; Bair, H.E. Synthesis and characterization of a series of monodisperse, 1, 3, 5-phenylene-based
hydrocarbon dendrimers including C276H186 and their fluorinated analogs. J. Am. Chem. Soc. 1992, 114, 1018–1025. [CrossRef]

90. Agrahari, A.K.; Singh, A.S.; Mukherjee, R.; Tiwari, V.K. An expeditious click approach towards the synthesis of galactose coated
novel glyco-dendrimers and dentromers utilizing a double stage convergent method. RSC Adv. 2020, 10, 31553–31562. [CrossRef]
[PubMed]

91. Malkoch, M.; Malmström, E.; Hult, A. Rapid and efficient synthesis of aliphatic ester dendrons and dendrimers. Macromolecules
2002, 35, 8307–8314. [CrossRef]

92. Hartwig, S.; Nguyen, M.M.; Hecht, S. Exponential growth of functional poly(glutamic acid)dendrimers with variable stereochem-
istry. Polym. Chem. 2010, 1, 69–71. [CrossRef]

93. Morgenroth, F.; Reuther, E.; Müllen, K. Polyphenylene dendrimers: From three-dimensional to two-dimensional structures.
Angew. Chem. Int. Ed. Engl. 1997, 36, 631–634. [CrossRef]

94. Ma, X.; Tang, J.; Shen, Y.; Fan, M.; Tang, H.; Radosz, M. Facile Synthesis of Polyester Dendrimers from Sequential Click Coupling
of Asymmetrical Monomers. J. Am. Chem. Soc. 2009, 131, 14795–14803. [CrossRef] [PubMed]

https://doi.org/10.1021/bm300159u
https://www.ncbi.nlm.nih.gov/pubmed/22401572
https://doi.org/10.1021/la403267j
https://doi.org/10.1016/j.eurpolymj.2019.03.007
https://doi.org/10.1016/j.cocis.2017.02.001
https://doi.org/10.1021/acsami.5b11310
https://doi.org/10.1039/C6NR00987E
https://doi.org/10.1038/srep21701
https://doi.org/10.1021/acs.langmuir.7b02506
https://doi.org/10.1002/adma.200904094
https://doi.org/10.1002/marc.201800801
https://www.ncbi.nlm.nih.gov/pubmed/30570193
https://doi.org/10.1021/ja060882n
https://www.ncbi.nlm.nih.gov/pubmed/16848476
https://doi.org/10.1021/la2042185
https://doi.org/10.1186/1556-276X-9-247
https://doi.org/10.1002/adma.19940060703
https://doi.org/10.1163/156855598X00071
https://doi.org/10.1002/chem.202001985
https://doi.org/10.1021/ol050040d
https://doi.org/10.1021/ja00177a027
https://doi.org/10.1016/j.tetlet.2020.152011
https://doi.org/10.1021/cr990116h
https://doi.org/10.1039/c2cs35062a
https://www.ncbi.nlm.nih.gov/pubmed/22592560
https://doi.org/10.1002/anie.199400821
https://doi.org/10.1039/b903948a
https://doi.org/10.1021/ja00029a034
https://doi.org/10.1039/D0RA05289B
https://www.ncbi.nlm.nih.gov/pubmed/35520637
https://doi.org/10.1021/ma0205360
https://doi.org/10.1039/B9PY00217K
https://doi.org/10.1002/anie.199706311
https://doi.org/10.1021/ja9037406
https://www.ncbi.nlm.nih.gov/pubmed/19772342


Pharmaceutics 2023, 15, 1614 20 of 22

95. Maraval, V.; Laurent, R.; Marchand, P.; Caminade, A.-M.; Majoral, J.-P. Accelerated methods of synthesis of phosphorus-containing
dendrimers. J. Organomet. Chem. 2005, 690, 2458–2471. [CrossRef]

96. Liu, C.; Wang, R.; Sun, Y.; Yin, C.; Gu, Z.; Wu, W.; Jiang, X. An Orthogonal Protection Strategy for Synthesizing Scaffold-Modifiable
Dendrons and Their Application in Drug Delivery. ACS Cent. Sci. 2022, 8, 258–267. [CrossRef]

97. Kottari, N.; Chabre, Y.M.; Shiao, T.C.; Rej, R.; Roy, R. Efficient and accelerated growth of multifunctional dendrimers using
orthogonal thiol–ene and SN2 reactions. Chem. Commun. 2014, 50, 1983–1985. [CrossRef] [PubMed]

98. Wooley, K.L.; Hawker, C.J.; Fréchet, J.M.J.; Wudl, F.; Srdanov, G.; Shi, S.; Li, C.; Kao, M. Fullerene-bound dendrimers: Soluble,
isolated carbon clusters. J. Am. Chem. Soc. 1993, 115, 9836–9837. [CrossRef]

99. Goodwin, A.P.; Lam, S.S.; Fréchet, J.M.J. Rapid, Efficient Synthesis of Heterobifunctional Biodegradable Dendrimers. J. Am. Chem.
Soc. 2007, 129, 6994–6995. [CrossRef]

100. Lundberg, P.; Hawker, C.J.; Hult, A.; Malkoch, M. Click assisted one-pot multi-step reactions in polymer science: Accelerated
synthetic protocols. Macromol. Rapid Commun. 2008, 29, 998–1015. [CrossRef]

101. Yan, L.; Dang, X.; Yang, M.; Zhang, M.; Rui, L.; Han, W.; Li, Y. One-pot synthesis of PAMAM-grafted hyperbranched cellulose
towards enhanced thermal stability and antibacterial activity. Process Biochem. 2022, 121, 78–86. [CrossRef]

102. Mahdavijalal, M.; Panahi, H.A.; Moniri, E. Synthesis of PAMAM dendrimers anchored to WS2 nano-sheets for controlled delivery
of docetaxel: Design, characterization and in vitro drug release. J. Drug Deliv. Sci. Technol. 2023, 79, 104066. [CrossRef]

103. Sohail, I.; Bhatti, I.A.; Ashar, A.; Sarim, F.M.; Mohsin, M.; Naveed, R.; Yasir, M.; Iqbal, M.; Nazir, A. Polyamidoamine (PAMAM)
dendrimers synthesis, characterization and adsorptive removal of nickel ions from aqueous solution. J. Mater. Res. Technol. 2020,
9, 498–506. [CrossRef]

104. Tabatabaiee Bafrooee, A.A.; Ahmad Panahi, H.; Moniri, E.; Miralinaghi, M.; Hasani, A.H. Removal of Hg2+ by carboxyl-terminated
hyperbranched poly(amidoamine) dendrimers grafted superparamagnetic nanoparticles as an efficient adsorbent. Environ. Sci.
Pollut. Res. 2020, 27, 9547–9567. [CrossRef]

105. Shao, D.; Lu, M.M.; Zhao, Y.W.; Zhang, F.; Tan, Y.F.; Zheng, X.; Pan, Y.; Xiao, X.A.; Wang, Z.; Dong, W.F.; et al. The shape effect of
magnetic mesoporous silica nanoparticles on endocytosis, biocompatibility and biodistribution. Acta Biomater. 2017, 49, 531–540.
[CrossRef] [PubMed]

106. Shao, D.; Li, J.; Zheng, X.; Pan, Y.; Wang, Z.; Zhang, M.; Chen, Q.-X.; Dong, W.-F.; Chen, L. Janus “nano-bullets” for magnetic
targeting liver cancer chemotherapy. Biomaterials 2016, 100, 118–133. [CrossRef]

107. Wang, Z.; Chang, Z.-M.; Shao, D.; Zhang, F.; Chen, F.; Li, L.; Ge, M.-F.; Hu, R.; Zheng, X.; Wang, Y.; et al. Janus Gold Triangle-
Mesoporous Silica Nanoplatforms for Hypoxia-Activated Radio-Chemo-Photothermal Therapy of Liver Cancer. ACS Appl. Mater.
Interfaces 2019, 11, 34755–34765. [CrossRef] [PubMed]

108. Zhao, Z.; Zhu, F.; Qu, X.; Wu, Q.; Wang, Q.; Zhang, G.; Liang, F. pH-Responsive polymeric Janus containers for controlled drug
delivery. Polym. Chem. 2015, 6, 4144–4153. [CrossRef]

109. Rehman, K.; Ali, I.; El-Haj, B.M.; Kanwal, T.; Maharjan, R.; Saifullah, S.; Imran, M.; Shafiullah, S.; Simjee, S.U.; Shah, M.R.
Synthesis of novel biocompatible resorcinarene based nanosized dendrimer-vesicles for enhanced anti-bacterial potential of
quercetin. J. Mol. Liq. 2021, 341, 116921. [CrossRef]

110. Giorgadze, T.G.; Khutsishvili, I.G.; Melikishvili, Z.G.; Bregadze, V.G. Silver atoms encapsulated in G4 PAMAM (polyamidoamine)
dendrimers as a model for their use in nanomedicine for phototherapy. Eur. Chem. Bull. 2020, 9, 22–27. [CrossRef]

111. Bhatt, H.; Kiran Rompicharla, S.V.; Ghosh, B.; Biswas, S. α-Tocopherol Succinate-Anchored PEGylated Poly(amidoamine)
Dendrimer for the Delivery of Paclitaxel: Assessment of in Vitro and in Vivo Therapeutic Efficacy. Mol. Pharm. 2019, 16, 1541–1554.
[CrossRef]

112. Yousefiyeh, N.; Arab, A.; Salehian, E.; Alikhani, R.; Samimi, S.; Assadi, A.; Ardestani, M.S. Gadoterate meglumine-anionic linear
globular dendrimer second generation: A novel nano sized theranostic contrast agent. Nanomed. J. 2021, 8, 298–306.

113. Ahmed, R.; Aucamp, M.; Ebrahim, N.; Samsodien, H. Supramolecular assembly of rifampicin and PEGylated PAMAM dendrimer
as a novel conjugate for tuberculosis. J. Drug Deliv. Sci. Technol. 2021, 66, 102773. [CrossRef]

114. Alfei, S.; Marengo, B.; Domenicotti, C. Polyester-Based Dendrimer Nanoparticles Combined with Etoposide Have an Improved
Cytotoxic and Pro-Oxidant Effect on Human Neuroblastoma Cells. Antioxidants 2020, 9, 50. [CrossRef] [PubMed]

115. Shao, D.; Wang, Z.; Chang, Z.; Chen, L.; Dong, W.-F.; Leong, K.W. Janus metallic mesoporous silica nanoparticles: Unique
structures for cancer theranostics. Curr. Opin. Biomed. Eng. 2021, 19, 100294. [CrossRef]

116. Zhang, L.; Dong, W.-F.; Sun, H.-B. Multifunctional superparamagnetic iron oxide nanoparticles: Design, synthesis and biomedical
photonic applications. Nanoscale 2013, 5, 7664–7684. [CrossRef] [PubMed]

117. Shaghaghi, B.; Khoee, S.; Bonakdar, S. Preparation of multifunctional Janus nanoparticles on the basis of SPIONs as targeted drug
delivery system. Int. J. Pharm. 2019, 559, 1–12. [CrossRef]

118. Chang, Z.-M.; Wang, Z.; Shao, D.; Yue, J.; Xing, H.; Li, L.; Ge, M.; Li, M.; Yan, H.; Hu, H.; et al. Shape Engineering Boosts Magnetic
Mesoporous Silica Nanoparticle-Based Isolation and Detection of Circulating Tumor Cells. ACS Appl. Mater. Interfaces 2018, 10,
10656–10663. [CrossRef]

119. Zhang, L.; Zhang, F.; Dong, W.-F.; Song, J.-F.; Huo, Q.-S.; Sun, H.-B. Magnetic-mesoporous Janus nanoparticles. Chem. Commun.
2011, 47, 1225–1227. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jorganchem.2004.10.021
https://doi.org/10.1021/acscentsci.1c01382
https://doi.org/10.1039/c3cc46633g
https://www.ncbi.nlm.nih.gov/pubmed/24416763
https://doi.org/10.1021/ja00074a075
https://doi.org/10.1021/ja071530z
https://doi.org/10.1002/marc.200800181
https://doi.org/10.1016/j.procbio.2022.06.032
https://doi.org/10.1016/j.jddst.2022.104066
https://doi.org/10.1016/j.jmrt.2019.10.079
https://doi.org/10.1007/s11356-019-07377-z
https://doi.org/10.1016/j.actbio.2016.11.007
https://www.ncbi.nlm.nih.gov/pubmed/27836804
https://doi.org/10.1016/j.biomaterials.2016.05.030
https://doi.org/10.1021/acsami.9b12879
https://www.ncbi.nlm.nih.gov/pubmed/31474108
https://doi.org/10.1039/C5PY00267B
https://doi.org/10.1016/j.molliq.2021.116921
https://doi.org/10.17628/ecb.2020.9.22-27
https://doi.org/10.1021/acs.molpharmaceut.8b01232
https://doi.org/10.1016/j.jddst.2021.102773
https://doi.org/10.3390/antiox9010050
https://www.ncbi.nlm.nih.gov/pubmed/31935872
https://doi.org/10.1016/j.cobme.2021.100294
https://doi.org/10.1039/c3nr01616a
https://www.ncbi.nlm.nih.gov/pubmed/23877222
https://doi.org/10.1016/j.ijpharm.2019.01.020
https://doi.org/10.1021/acsami.7b19325
https://doi.org/10.1039/C0CC03946B
https://www.ncbi.nlm.nih.gov/pubmed/21103584


Pharmaceutics 2023, 15, 1614 21 of 22

120. Swanson, S.D.; Kukowska-Latallo, J.F.; Patri, A.K.; Chen, C.; Ge, S.; Cao, Z.; Kotlyar, A.; East, A.T.; Baker, J.R. Targeted gadolinium-
loaded dendrimer nanoparticles for tumor-specific magnetic resonance contrast enhancement. Int. J. Nanomed. 2008, 3, 201–210.
[CrossRef]

121. Mbatha, L.S.; Maiyo, F.C.; Singh, M. Dendrimer functionalized folate-targeted gold nanoparticles for luciferase gene silencing: A
proof of principle study. Acta Pharm. 2019, 69, 49–61. [CrossRef]

122. Umeda, Y.; Kojima, C.; Harada, A.; Horinaka, H.; Kono, K. PEG-Attached PAMAM Dendrimers Encapsulating Gold Nanoparticles:
Growing Gold Nanoparticles in the Dendrimers for Improvement of Their Photothermal Properties. Bioconjugate Chem. 2010, 21,
1559–1564. [CrossRef]

123. Xiong, Z.; Alves, C.S.; Wang, J.; Li, A.; Liu, J.; Shen, M.; Rodrigues, J.; Tomás, H.; Shi, X. Zwitterion-functionalized dendrimer-
entrapped gold nanoparticles for serum-enhanced gene delivery to inhibit cancer cell metastasis. Acta Biomater. 2019, 99, 320–329.
[CrossRef]

124. Sharma, R.; Liaw, K.; Sharma, A.; Jimenez, A.; Chang, M.; Salazar, S.; Amlani, I.; Kannan, S.; Kannan, R.M. Glycosylation of
PAMAM dendrimers significantly improves tumor macrophage targeting and specificity in glioblastoma. J. Control. Release 2021,
337, 179–192. [CrossRef] [PubMed]

125. Zhang, H.-J.; Zhao, X.; Chen, L.-J.; Yang, C.-X.; Yan, X.-P. Dendrimer grafted persistent luminescent nanoplatform for aptamer
guided tumor imaging and acid-responsive drug delivery. Talanta 2020, 219, 121209. [CrossRef] [PubMed]

126. Ebrahimian, M.; Hashemi, M.; Farzadnia, M.; Zarei-Ghanavati, S.; Malaekeh-Nikouei, B. Development of targeted gene delivery
system based on liposome and PAMAM dendrimer functionalized with hyaluronic acid and TAT peptide: In vitro and in vivo
studies. Biotechnol. Prog. 2022, 38, e3278. [CrossRef] [PubMed]

127. Maciel, D.; Nunes, N.; Santos, F.; Fan, Y.; Li, G.; Shen, M.; Tomás, H.; Shi, X.; Rodrigues, J. New insights into ruthenium(ii)
metallodendrimers as anticancer drug nanocarriers: From synthesis to preclinic behaviour. J. Mater. Chem. B 2022, 10, 8945–8959.
[CrossRef] [PubMed]

128. Gouveia, M.; Figueira, J.; Jardim, M.G.; Castro, R.; Tomás, H.; Rissanen, K.; Rodrigues, J. Poly(alkylidenimine) Dendrimers
Functionalized with the Organometallic Moiety [Ru(η5-C5H5)(PPh3)2]+ as Promising Drugs Against Cisplatin-Resistant Cancer
Cells and Human Mesenchymal Stem Cells. Molecules 2018, 23, 1471. [CrossRef]

129. Camacho, C.; Tomás, H.; Rodrigues, J. Use of Half-Generation PAMAM Dendrimers (G0.5–G3.5) with Carboxylate End-Groups
to Improve the DACHPtCl2 and 5-FU Efficacy as Anticancer Drugs. Molecules 2021, 26, 2924. [CrossRef]

130. Maciel, D.; Guerrero-Beltrán, C.; Ceña-Diez, R.; Tomás, H.; Muñoz-Fernández, M.Á.; Rodrigues, J. New anionic poly (alkylide-
neamine) dendrimers as microbicide agents against HIV-1 infection. Nanoscale 2019, 11, 9679–9690. [CrossRef]

131. Sathe, R.Y.; Bharatam, P.V. Drug-dendrimer complexes and conjugates: Detailed furtherance through theory and experiments.
Adv. Colloid Interface Sci. 2022, 303, 102639. [CrossRef]

132. Sikwal, D.R.; Kalhapure, R.S.; Govender, T. An emerging class of amphiphilic dendrimers for pharmaceutical and biomedical
applications: Janus amphiphilic dendrimers. Eur. J. Pharm. Sci. 2017, 97, 113–134. [CrossRef]

133. Pan, J.; Wen, M.; Yin, D.; Jiang, B.; He, D.; Guo, L. Design and synthesis of novel amphiphilic Janus dendrimers for bone-targeted
drug delivery. Tetrahedron 2012, 68, 2943–2949. [CrossRef]

134. Iguarbe, V.; Barberá, J.; Serrano, J.L. Functional Janus dendrimers containing carbazole with liquid crystalline, optical and
electrochemical properties. Liq. Cryst. 2020, 47, 301–308. [CrossRef]

135. Li, N.; Cai, H.; Jiang, L.; Hu, J.; Bains, A.; Hu, J.; Gong, Q.; Luo, K.; Gu, Z. Enzyme-Sensitive and Amphiphilic PEGylated
Dendrimer-Paclitaxel Prodrug-Based Nanoparticles for Enhanced Stability and Anticancer Efficacy. ACS Appl. Mater. Interfaces
2017, 9, 6865–6877. [CrossRef] [PubMed]

136. Falanga, A.; Del Genio, V.; Kaufman, E.A.; Zannella, C.; Franci, G.; Weck, M.; Galdiero, S. Engineering of Janus-Like Dendrimers
with Peptides Derived from Glycoproteins of Herpes Simplex Virus Type 1: Toward a Versatile and Novel Antiviral Platform. Int.
J. Mol. Sci. 2021, 22, 6488. [CrossRef] [PubMed]

137. Najafi, F.; Salami-Kalajahi, M.; Roghani-Mamaqani, H. Synthesis of amphiphilic Janus dendrimer and its application in improve-
ment of hydrophobic drugs solubility in aqueous media. Eur. Polym. J. 2020, 134, 109804. [CrossRef]

138. Zhang, D.; Atochina-Vasserman, E.N.; Lu, J.; Maurya, D.S.; Xiao, Q.; Liu, M.; Adamson, J.; Ona, N.; Reagan, E.K.; Ni, H.; et al.
The Unexpected Importance of the Primary Structure of the Hydrophobic Part of One-Component Ionizable Amphiphilic Janus
Dendrimers in Targeted mRNA Delivery Activity. J. Am. Chem. Soc. 2022, 144, 4746–4753. [CrossRef]

139. Safaie, N.; Ferrier, R.C. Janus nanoparticle synthesis: Overview, recent developments, and applications. J. Appl. Phys. 2020,
127, 170902. [CrossRef]

140. Tohidi, Z.; Teimouri, A.; Jafari, A.; Gharibshahi, R.; Omidkhah, M.R. Application of Janus nanoparticles in enhanced oil recovery
processes: Current status and future opportunities. J. Pet. Sci. Eng. 2022, 208, 109602. [CrossRef]

141. Mignani, S.; Shi, X.; Rodrigues, J.; Roy, R.; Muñoz-Fernández, Á.; Ceña, V.; Majoral, J.-P. Dendrimers toward Translational
Nanotherapeutics: Concise Key Step Analysis. Bioconjugate Chem. 2020, 31, 2060–2071. [CrossRef]

142. Madaan, K.; Kumar, S.; Poonia, N.; Lather, V.; Pandita, D. Dendrimers in drug delivery and targeting: Drug-dendrimer interactions
and toxicity issues. J. Pharm. Bioallied Sci. 2014, 6, 139.

143. Hossen, S.; Hossain, M.K.; Basher, M.K.; Mia, M.N.H.; Rahman, M.T.; Uddin, M.J. Smart nanocarrier-based drug delivery systems
for cancer therapy and toxicity studies: A review. J. Adv. Res. 2019, 15, 1–18. [CrossRef]

https://doi.org/10.2147/IJN.S2696
https://doi.org/10.2478/acph-2019-0008
https://doi.org/10.1021/bc1001399
https://doi.org/10.1016/j.actbio.2019.09.005
https://doi.org/10.1016/j.jconrel.2021.07.018
https://www.ncbi.nlm.nih.gov/pubmed/34274384
https://doi.org/10.1016/j.talanta.2020.121209
https://www.ncbi.nlm.nih.gov/pubmed/32887113
https://doi.org/10.1002/btpr.3278
https://www.ncbi.nlm.nih.gov/pubmed/35652279
https://doi.org/10.1039/D2TB01280D
https://www.ncbi.nlm.nih.gov/pubmed/36278302
https://doi.org/10.3390/molecules23061471
https://doi.org/10.3390/molecules26102924
https://doi.org/10.1039/C9NR00303G
https://doi.org/10.1016/j.cis.2022.102639
https://doi.org/10.1016/j.ejps.2016.11.013
https://doi.org/10.1016/j.tet.2012.02.040
https://doi.org/10.1080/02678292.2019.1660424
https://doi.org/10.1021/acsami.6b15505
https://www.ncbi.nlm.nih.gov/pubmed/28112512
https://doi.org/10.3390/ijms22126488
https://www.ncbi.nlm.nih.gov/pubmed/34204295
https://doi.org/10.1016/j.eurpolymj.2020.109804
https://doi.org/10.1021/jacs.2c00273
https://doi.org/10.1063/5.0003329
https://doi.org/10.1016/j.petrol.2021.109602
https://doi.org/10.1021/acs.bioconjchem.0c00395
https://doi.org/10.1016/j.jare.2018.06.005


Pharmaceutics 2023, 15, 1614 22 of 22

144. Wazir, M.B.; Daud, M.; Ali, F.; Al-Harthi, M.A. Dendrimer assisted dye-removal: A critical review of adsorption and catalytic
degradation for wastewater treatment. J. Mol. Liq. 2020, 315, 113775. [CrossRef]

145. Grammatikopoulos, P.; Sowwan, M.; Kioseoglou, J. Computational modeling of nanoparticle coalescence. Adv. Theory Simul.
2019, 2, 1900013. [CrossRef]

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

https://doi.org/10.1016/j.molliq.2020.113775
https://doi.org/10.1002/adts.201900013

	Introduction 
	Overview of Nanosized Janus and Dendrimer Particles 
	Janus Nanoparticles 
	Dendrimers 

	Rational Design and Synthesis Approaches 
	Janus Nanoparticles 
	Dendrimers 

	Bioavailability of Janus Nanoparticles 
	Bioavailability of Dendrimers 
	Janus Nanoparticles for Target-Specific Delivery Applications 
	Dendrimers for Target-Specific Delivery Applications 
	Janus-Dendrimer Particles in Target-Specific Delivery Applications 
	Limitations and Future Perspective 
	Conclusions 
	References

