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Abstract: Stimuli-responsive, “smart” polymeric materials used in the biomedical field function in a
bio-mimicking manner by providing a non-linear response to triggers coming from a physiological
microenvironment or other external source. They are built based on various chemical, physical, and
biological tools that enable pH and/or temperature-stimulated changes in structural or physicochemical
attributes, like shape, volume, solubility, supramolecular arrangement, and others. This review
touches on some particular developments on the topic of stimuli-sensitive molecular tools for
biomedical applications. Design and mechanistic details are provided concerning the smart synthetic
instruments that are employed to prepare supra- and macro-molecular architectures with specific
responses to external stimuli. Five major themes are approached: (i) temperature- and pH-responsive
systems for controlled drug delivery; (ii) glycodynameric hydrogels for drug delivery; (iii) polymeric
non-viral vectors for gene delivery; (iv) metallic nanoconjugates for biomedical applications; and,
(v) smart organic tools for biomedical imaging.

Keywords: smart polymers; temperature-sensitive polymers; pH-responsive polymers; hydrogels;
controlled drug delivery; gene therapy; non-viral vectors; bionanoconjugates; biomedical applications

1. Introduction

The exponential evolution of macromolecular science reached the natural point in which polymeric
materials are required to display a “smart” functional character. To sustain life and perpetuate biological
tasks, nature uses dynamic transformations of particular (macro)molecular edifices and interfaces
with selective structures and functions that respond to their surroundings. Inspired by the ancestral
need to mimic nature, the progress of stimuli-responsive polymers is based on the quest for similar
stimuli-sensitive building blocks, architectures, and mechanisms in order to reach biological intelligence
in a less intricate fashion [1–3]. These macromolecular constructs are able to modify their shape,
volume, solubility, supramolecular arrangement, and other structural or physicochemical attributes in
response to an environmental trigger [4–6].

Accordingly, biomaterials with finely tuned, smart functions, and spatiotemporal control are at the
heart of biomedical research and they represent a key step in the evolution of patient-centered care [7].
The topic’s complexity is overwhelming, but the common, key element of the smart-like demeanor is a
non-linear response to a physiological microenvironment (pH, redox processes, enzymes, glucose)
or an exogenous factor (e.g., temperature, light, solvent nature). There is a wide range of chemical,
physical, and biological motifs available for the fabrication and engineering of smart biomaterials.

Nevertheless, most of the research endeavors that are dedicated to the subject are based on
the individual or cooperative responses to two major triggers: temperature and pH. In a similar
fashion to biological processes, the overall smart reaction is the sum of various synergetic interactions,
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like H-bonding alteration, electrostatic changes, or ionization. Taken one by one, these changes
have a subtle, low energetic nature, but they add up along the macromolecular structure into solid
modifications and biologically-relevant responses [8].

This short review compiles (among others) some of the most interesting results recently obtained
(in the last five years) by our group in the broad field of smart supra- and macro-molecular tools
for biomedical applications. The classical building blocks, already well-established architectures
and major mechanistic details that are involved by these topics are already approached by many
valuable systematic literature reviews [1–8], of both narrative and best-evidence methodologies, and
it is not our wish to reproduce or simply upgrade them. The goal of this work is to evaluate the
status quo, as evidenced by expert opinions in the field, to narrow the topic, and to isolate and
underline the impact of these tools on the resulting architectures and following bio-related potential.
Although our research spans diverse topics, from bioagents’ carriers, biosynthesis [9–11], genotypic
mapping [12–16], and cell growth [17,18], to artificial water channels [19–22], and the exploration
of investigative methods [23,24], the review considers the hot topics of drug and gene delivery,
antioxidants development, and bioimaging. We addressed these topics by following five major themes:
(i) temperature- and pH-responsive systems; (ii) glycodynameric frameworks; (iii) polymeric non-viral
vectors; (iv) metallic nanoconjugates; and, (v) smart organic tools. We condense and direct our
speech towards insufficiently explored, smart synthetic instruments, design and mechanistic details,
subsequent architectures, and particular insights that led to stimuli-responsiveness or to biomedical
promises. These represent additional starting points or refined research pathways in the quest for
smart solutions for the ever-demanding challenges of the biomedical realm.

2. Temperature- and pH-Responsive Systems for Controlled Drug Delivery

The development of drug therapy under controlled or retarded delivery conditions is a major
achievement of the academic and industrial research society. Several pharmaceutical formulations
have made it into the market after proving able to afford a constant drug concentration in the biological
environment from a single administration. This translates into a decreased dose frequency and
enhanced therapeutic efficiency, patient comfort, and compliance [25–28].

Despite its obvious benefits, the controlled drug delivery strategy shows some limitations, being
neither sufficient nor effective in clinical circumstances in which the bioactive species should be released
only when the physiological parameters are altered. These include diabetes, angina pectoris, heart
rhythm disorders, etc. and they require tailored formulations entitled self-regulated drug delivery
systems, usually based on stimuli-sensitive polymers [29].

From the broad variety of available materials, temperature-responsive polymers are the preferred
systems since they operate based on changes in the human body temperature to amend innate
features and trigger drug release [30,31]. Poly(N-isopropylacrylamide) (poly(NIPAAm), one judicious
abbreviation of many available) has evolved as the classic choice between thermosensitive polymeric
systems. Its popularity comes from a phase transition in aqueous solutions, which occurs at
temperatures (lower critical solution temperature, or LCST) close to the human body, at 32–34 ◦C [32],
due to a fast change of hydrophilicity and hydrophobicity along the polymeric chain. Below LCST,
the system is highly hydrated and the linear polymer is soluble in water or the cross-linked homolog
swells. Above LCST, the hydration decreases and the polymer precipitates, while the corresponding
network collapses.

The microporous, three-dimensional architecture of hydrogels is usually favored over linear
systems, since it empowers a set of particular, versatile physicochemical features, which unlocks
a plethora of biomedical possibilities, especially supporting drug entrapment and its controlled
release [33–37]. The volume changes determined by an ideally fast swelling and deswelling of the
three-dimensional (3D), soft network are at the heart of drug delivery at a directed pace [32,38].
They are governed by the diffusion of water throughout the cross-linked matrix, which is further
boosted by small-sized hydrogels [39,40].
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One drawback concerning poly(NIPAAm) is a decrease in the LCST value when placed in a
salt-rich, physiological environment with high ionic strength [41]. Therefore, poly(NIPAAm)-based
systems with LCST close to the human body temperature and a sharp phase transition in a narrow
temperature range are key requirements for optimized controlled drug delivery and they represent the
core of an extensive research topic in the field.

Generally, this goal is achieved by copolymerizing NIPAAm with hydrophilic monomers [42,43].
The comonomer must be judiciously chosen, since alteration in the poly(NIPAAm) structure usually
results in a modification of the hydrophilic/hydrophobic equipoise, hydrophobic interactions at
temperatures above LCST, and an undesired decline of the overall thermal responsiveness.

A viable option in this regard is N-isopropylmethacrylamide (NIPMAAm), a comonomer that is
quite close to NIPAAm in structural terms, especially when it comes to the succession of amide and
isopropyl functionalities. While being more hydrophobic than the classic system, poly(NIPMAAm)
contains methyl units along the backbone that lessen hydrophobic interactions and lead to a sharp
phase transition at higher LCST, around 46 ◦C [44]. When copolymerized in a 51:49 co-monomer ratio,
a thermosensitive poly(NIPAAm-co-NIPMAAm) system with an LCST value (36.8 ◦C, determined in
simulated physiological conditions: PBS, pH 7.4) close to the human body temperature is generated [29].
Moreover, the similar chemical nature of the building blocks allows the much desired sharp phase
transition of the resulting system. The copolymer is further cross-linked with N, N′-methylene
bisacrylamide (MBAAm) in a water:methanol mixture. The obtained thermoresponsive microgels
undergo swelling and deswelling at quite a high pace, below and above a VPTT (volume phase
transition temperature, a more appropriate term than LCST for cross-linked systems) value of 33.7 ◦C.
The difference between the critical temperatures comes from two synergic processes. On one side, the
macromolecular chains’ flexibility is hampered by the cross-links, and hydrophobic interactions will
require a different, usually higher energy (and subsequent temperature). On the other, low cross-linked
networks can be regarded as concentrated polymeric solutions of lower LCST values, in opposition to
the diluted solutions for which the normal LCST is determined [45].

Drug delivery vehicles are prepared afterward by loading a model drug (dexamethasone) into
the microgels via the solvent evaporation method, which enables a progressive uptake of the drug
within the polymer network until drying. Cyclical temperature changes below (32 ◦C) and above
(38 ◦C) VPTT generated a drug release mechanism (in simulated physiological conditions) of a pulsatile
fashion in the cross-linked microgels.

Interesting results can be obtained when choosing comonomers of a more different chemical
nature. For example, the copolymerization of NIPAAm with N-vinylpyrrolidone (NVP) in a 91.5:8.5
ratio affords thermoresponsive systems with an LCST value of 36 ◦C in simulated physiological
conditions [46]. Because the two comonomers have weak ionizable units, the LCST is sensible to the
surrounding ionic strength and pH, higher LCST values (37.3 ◦C) being obtained in a simulated gastric
fluid environment (pH 1.2). Further studies on copolymer solutions with various salts show a general
decrease in the LCST values with the increase of the ionic strength. One riveting feature is the strong
influence of the ion size on LCST values. While the critical temperature is indifferent to the change
between Na+ and K+ cations, the substitution of Cl− with H2PO4

− or CH3COO− generates drastic
changes of the LCST values.

Two-phase suspension polymerization (under nitrogen) of the same comonomer ratio was used
in order to synthesize cross-linked microspheres (the same MBAAm cross-linker as above). Diclofenac
was loaded (via physical interactions) as small crystalline microdomains in these microspheres by
solvent evaporation. The investigation of the release mechanism revealed a strong dependency on the
percentage of the loaded drug. Low-loading microspheres (7.62% diclofenac, w/w) provide a pulsatile
release mechanism under cyclical variations of the temperature below and above VPTT. High-loading
microspheres (13.08% diclofenac, w/w) display a much slower release rate, due to a sharp reduction of
the temperature effect and collapse of microspheres determined by the abundance of drug crystals on
the microspheres’ surface and by the matrix’ lowered flexibility, respectively.
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The “smart” character of poly(NIPAAm) systems can be further tailored to add a second trigger,
pH, to their stimuli responsiveness. This will enhance their drug delivery capacity in physiological
environments of differing pH, like the gastrointestinal tract. The trigger impacts weakly acidic
or basic structural motifs within a (co)polymeric system, while its swelling and collapsing come
from the protonation and subsequent deprotonation of these pH-sensitive functionalities [47,48].
The problematic part of this pathway is a severe reduction or even revocation of the thermoresponsive
character due to the high hydrophilicity of the ionized pH-sensitive comonomer and the alteration
of the overall hydrophilic/hydrophobic balance of poly(NIPAAm) [49,50]. The charged pH-sensitive
molecules are prone to electrostatic interactions with hydrophobic units of opposite charge (coming
from a drug, for example) and the thermally triggered sensibility can be restored. This is the major
design framework that is involved in the efficiency of dual-responsive systems.

Such a system is obtained by combining NIPAAm with maleic acid (MAc) in different molar ratios.
The synthesis involves the use of MAc in its protonated form to obtain statistical copolymers, while
the employment of a fully ionized comonomer version only leads to NIPAAM homopolymers [51].
The poly(NIPAAm-co-MAc) copolymer displays LCST values that are close to the human body
temperature in water, acidic, and isotonic solutions. No LCST is observed in simulated physiological
conditions (pH 7.4; 36 ◦C) due to the ionization of the hydrophilic MAc. The thermal sensitivity
and drug delivery ability are recovered at physiological pH and temperature once the carboxylic
MAc moieties electrostatically interact with a positively-charged, hydrophobic, bioactive molecule
(e.g., diphenhydramine) (Figure 1).

Therefore, this strategy supplies copolymers with biosensory (from the carboxylic units) and
delivery (from the thermoresponsive moieties) features. The corresponding thermally sensitive
hydrogels follow the same behavior, acting as actuators and collapsing and, therefore, releasing the
loaded drug under the influence of the external bioactive trigger.

Similar functions can be attained by replacing the maleic acid comonomer with N-(3-aminopropyl)
methacrylamide (APM) [52]. Microspheric gels (glutaraldehyde as a cross-linker) that are based on
poly(NIPAAm-co-APM) proved inactive under simulated physiological conditions (pH = 7.4 and
T = 36 ◦C) due to the highly hydrophilic APM ionized state. Its thermal sensitivity is activated by
the presence of the hydrophobic indomethacin bioactive component, and the microgels shrink and
mechanically liberate the encapsulated drug. For this ternary system, the biosensor function belongs
to the pH-responsive amino groups, the triggering agent is indomethacin, and the thermoresponsive
NIPAAm-based network maintains its actuator (delivery) role. Moreover, the microgels prove
completely non-toxic, easing a rich adherence of rabbit dermal fibroblasts to their surface.

Another approach to specifically tailor the drug delivery capability of thermoresponsive systems is
to modulate their size and shape. Nanoscale polymeric micelles are an emerging trend in drug delivery,
the self-assembled core-shell morphology proving an efficient pathway to load hydrophobic or poorly
water-soluble bioactive molecules via hydrophobic, H-bonding, or electrostatic interactions [52–55].

Poly(NIPAAm) was used as the thermoresponsive component in various combinations in
amphiphilic block or double-hydrophilic graft copolymers in order to obtain stimuli-responsive
polymeric micelles with drug delivery features [56–59]. A recent, popular direction in this area is
grafting poly(NIPAAm) onto polysaccharide backbones to profit from the innate abundance in structural
functionalities and excellent biodegradability/biocompatibility of the latter [60]. The H-bonding
between the polymeric building blocks and a hydrophobic drug allows for the formation of nanosized
constructs below LCST. For example, double hydrophilic copolymers which form uniform, spherical
aggregates within 40–80 nm are obtained by grafting NIPAAm on the backbone of pullulan under
homogeneous conditions (below the former’s LCST) [61].
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Figure 1. Schematic representation of the operating principle of pH- and thermo-sensitive
poly(NIPAAm-co-MAc) microgels in simulated physiological fluids. (A). isotonic solution, pH 5.7;
(B). PBS, pH 7.4: (a) swollen microgels in carboxylate form; (b) drug loading via electrostatic interactions;
(c) and (d) activation of microgles, collapsing and drug release. Reproduced from [51], with permission
from© 2017 Elsevier.

Indomethacin-loaded nanoparticles that are based on them can be obtained by dialysis and
nanoprecipitation to achieve increased entrapment efficiency (up to 80%). The mean size and
polydispersity of these nanoaggregates depend on the amount of loaded drug, copolymer concentration,
and molecular weight of the thermosensitive block. Thermally-triggered in vitro release of the
model drug is conditioned by the indomethacin content and the same molecular weight of the
NIPAAm fragment.

A further step in the complexity of such systems is achieved by physically embedding drug-loaded
chitosan microspheres within NIPAAm-based hydrogels [62]. Biodegradable chitosan microspheres
display a very interesting, fine morphology and they are able to electrostatically load opposite-charged
bioactive molecules, like salicylic acid (Figure 2).

Under physiological conditions, the competitive ions trigger a fast-displacement and release
of the entrapped drug. This inconvenient release rate is tailored by the physical incorporation
of chitosan microspheres into a hydrogel based on cross-linked poly(N-isopropylacrylamide-
co-hydroxyethylacrylamide). The resulting smart composite hydrogels show a release profile,
depending on both pH and temperature, while the thermosensitive matrix provides mild protection
against the in vitro degradation of the polysaccharide microspheres.
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3. Glycodynameric Gels for Drug Delivery

The use of naturally derived building blocks, like polysaccharides in the development of hydrogels,
provides enhanced biocompatibility and biodegradability and it ensures a resemblance to the external
extracellular matrix in terms of composition and mechanical properties [34]. Therefore, chitosan, the
second most abundant natural polymer, qualifies as an excellent candidate for such biobased, soft, 3D
materials, and brings to the field some valuable, innate characteristics: stability, nontoxicity, enzymatic
degradation, abundant therapeutic activity, and others [63,64].

One cutting-edge direction in the evolution of hydrogels is based on the passage from the static,
classical design to a more dynamic blueprint that is related to supramolecular chemistry. Dynamic
(hydro)gels can be accessed through reversible cross-linking processes of both chemical or physical
essence and represent a new class of smart materials with by-design or on-demand response to
natural or artificial triggers [65–69]. The imine structural motifs (Schiff bases or azomethines), coming
from the condensation of amino and carbonyl units are one of the most potent tools of the covalent
dynamic strategy, an elegant entry point towards highly complex, tunable materials with dynamic
architectures [70,71]. The reversibility of imines is a feature of several biological and pharmaceutical
processes and it follows a fast pace dictated by intrinsic reactivity, water, temperature, or pH [72–74].

This multifaceted synthetic tool can be used in the generation of dynamic chitosan gels by
using the abundant amine functionalities of the polysaccharide in combination with small-sized
aldehydes. Such hydrogels are usually built by using glutaraldehyde and they represent biodegradable,
pH-responsive materials with certain applicative possibilities [75]. However, this dialdehyde, like
most of its kind, displays intolerable toxicity, which hampers its biomedical usage and it enables the
quest for other building blocks with a positive impact in the biomedical realm [76,77].

One recent, viable solution to this issue is the employment of monoaldehydes in condensing the
chitosan polyamine towards imine moieties [78–80]. At this point, dynamic chemistry boosts imination
and transimination reactions (required to attain the most stable structures) and it enables self-ordering
into clusters, which will further act as cross-linkers for dynamic chitosan reticulation [70,81]. Both
challenging and promising, the method eludes toxic dialdehydes and uses the access to a wide range
of safer monocarbonylic counterparts to unfold chitosan gels with biomedical usage.

This strategy was first implemented by using 2-formylphenylboronic acid to develop dual
cross-linked supramolecular chitosan hydrogels via covalent imine connections and physical,
H-bonding interactions that are based on the boronic OH groups. The low molecular weight
building block shows low toxicity and a two-fold biological activity: an antifungal and anticancer
character mainly coming from the boronic residue and specific bio-targeting of lipids, proteins, and
cancer cells from the overall iminic framework [82–84]. Moreover, it offers the possibility to attain
versatile morphologies and surface properties and stabilize the imine moieties through the formation
of iminoboronate units [85].
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Several combinations between the amine and aldehyde functionalities led to the formation
of chemo-physical chitosan networks with three-dimensional order dictated by the ratio between
the chemical and physical gelling [78]. Intra- and inter-molecular H bonds stabilize the imine
framework and constrain the coiled chitosan backbones towards a straight conformation, thus leading
to a nanostructuring that impacts the morphology at the micrometer scale and it enhances the
mechanical features of the material. The interplay between the hydrophilic chitosan and hydrophobic
iminoboronate generates a highly ordered, segregated, supramolecular architecture in the chitosan
networks with a dominant covalent cross-linking. This affords strong, elastic materials with a high
recovery degree (90%) and resistance to deformation, as compared to the less ordered hydrogels that
are mostly based on physical cross-linking. As expected, they also displayed a strong antifungal
activity against both planktonic and biofilm Candida yeasts, even at low concentrations (0.142%) of
the boronic acid. When corroborated with a pH-tailorable swelling degree and enhanced mechanical
properties, this feature qualifies the chemo-physical chitosan hydrogels for advanced investigations
that are related to the treatment of recurrent vulvovaginitis infections.

These initial auspicious results encouraged the further exploration of the monoaldehyde
route in the construction of chitosan gels with enhanced characteristics. A naturally available
monoaldehyde, salicylaldehyde, was chosen as the cross-linking agent due to its rich biological activity
(antifungal, antimicrobial, anti-mycotoxigenic, chemosensing) and the FDA (US Food and Drug
Administration)-approved seal [86–88]. The salicylaldehyde-empowered chitosan gelling was solved
through a complex investigative approach, combining NMR (nuclear magnetic resonance spectroscopy),
FTIR (Fourier-transform infrared spectroscopy), XRD (X-ray diffraction analysis), and rheological
measurements [79]. The dynamic cross-linking was decoded as the supramolecular combination of
three distinct processes: self-assembly, self-organization, and segregation. The self-assembly between
the polysaccharide and monoaldehyde occurs via imine moieties that self-organize in hydrophobic
associations. These are sustained by the aldehyde motion between amine functionalities in the
reversible, covalent imine formation in a so-called “imine clip” effect. The hydrophobic frameworks
participate in a hydrophilic/hydrophobic segregation and determine ordered clusters that operate as
net nodes between the chitosan backbones (Figure 3). A minimum amine to aldehyde ratio of 3.2 was
determined as being essential in the formation of chitosan cross-links by rheological measurements.Materials 2020, 13, x FOR PEER REVIEW 8 of 30 
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A distinct combination of mechanical and thermal features comes from this supramolecular
ordering. The elastic salicyl-imine-chitosan hydrogels prove thixotropic and thermosensitive behaviors
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and a swelling manner that can be tailored though the cross-linking degree. Even more interesting, the
particular chemical platform of these materials enables luminescent and self-healing conducts at room
and body temperature, which are promising features for bio-related usage.

One appealing route of bio-application for this type of glycodynameric gels is related to precision,
local medicine, and cancer targeting in particular. Multifunctional, responsive hydrogels with accessible
formulation and controlled gelling time are primary candidates for injection at the tumor site if able
to retain local spreading and acceptable toxicity [89,90]. In this context, the dynamic monoaldehyde
strategy was used to build soft, 3D networks based on chitosan and nitrosalicylaldehyde for local tumor
targeting [91]. Chitosan has an antitumor effect and its gelling takes place at basic pH, thus suiting the
limited spreading of its hydrogels in the basic pH of the normal tissue, or of its precursors in infected
tissues with local acidosis [92,93]. On the other side, nitrosalicylaldehyde and imines therefrom also
display improved antitumor activity and bypass the toxicity issue of the dialdehydes usually employed
in the development of hydrogels [94,95]. However, basic requirements like controlled gelation and
acceptable toxicity need to be met first.

An accelerated hydrogelation was observed under physiological pH (PBS, 37 ◦C) while maintaining
their original shape and dimensions. In an acidic, tumor-characteristic pH (citrate buffer), the gelation
occurred at a slow pace and a self-healing conduct was observed (Figure 4).
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The incubation of HeLa cells proved an in vitro cytotoxicity around 60% for these superporous
networks, while an excellent in vivo biocompatibility was confirmed by subcutaneous administration
in rats. The success of the proof of concept confirms their potential in local antitumor therapy and
certifies the feasibility of the glycodynameric pathway for bio-related applications.

The advantages of this system were even further tested by encapsulating a model drug, diclofenac
sodium salt (DCF), in nitrosalicylaldehyde-imine-chitosan hydrogels as drug delivery vehicles for local
therapy [96]. A careful formulation and variation of the crosslinking density enabled the anchoring of
DCF into the porous matrix as sub-micrometric crystals or as isolated molecules via physical forces.
In vitro release kinetics showed prolonged drug liberation in simulated physiological conditions,
an operative therapeutic concentration being attained in less than one day, followed by an eight
day sustained release. The therapeutic effect was effective for five days when tested in vivo by the
somatic pain model on rats, an encouraging result when compared to the one-day efficiency of systemic
administration [97]. The best results were obtained for the hydrogels in which DCF was finely dispersed
mostly as isolated molecules, due to a slowed dissolution and diffusion. The resulting systems proved
in vivo biocompatibility and biodegradation triggered by tissue-characteristic enzymes. Therefore, a
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synergic effect is expected for local delivery in tumors, since the chitosan matrix, its oligomers coming
from biodegradation and the encapsulated active principle come with a certified antitumor effect.

A logistic model of the dynamics of these controlled drug delivery systems was developed based
on the use of multifractality in logistic type laws. Triggered by the multifractal nature of drug release
curves (continuous curves with varying degrees of non-differentiability), the logistic type laws were
developed as a more appropriate theoretical model (a non-linear, non-differential and non-integrative
approach) to replace or complement the standard, empirical mathematical method (a differential and
integral approach, which suffers in describing the dynamics of drug release) in order to depict the
dynamics of controlled drug release in a more pragmatic fashion. The drug-loaded polymer matrix
represents a highly complex system from both structural and functional points of view: a very large
number of non-linear interactions between structural elements under the constraints that were imposed
by the biological environment. Such a theoretical method allows for deconstructing and simplifying
the release of active principle from this intricate polymer-drug system at various resolution scales [98].

The correlation between the mathematical model and experimental data was confirmed by the
linear dependence of the amount of released drug as a function of time. This theoretical strategy
enables the switch from the empirical, rather chaotic description of release dynamics through the
various classical models to more practical, non-linear ones that can encompass the dynamicity of
the system. At the same time, it validates the assumption that complex polymer-drug frameworks
obtain memory, and swelling, drug diffusion, and matrix degradation represent dynamic processes
of pseudo-intelligent systems. Therefore, a mathematical confirmation of the much desired “smart”
functional character is obtained.

These theoretical and experimental findings support intensive research on the topic and the
exploration of additional formulations and new monoaldehydes for biocompatible, bioactive, and
biodegradable drug delivery matrices for local chemotherapy.

One direction of development is the exploration of morphology control and multiplication, so as to
address new bio-related applications. For example, the use of another natural, aromatic monoaldehyde,
namely cinnamaldehyde, as a chitosan cross-linker in different ratios enables porous architectures of
variable morphologies [99].

These can be further tuned by the interplay between chitosan’s molecular weight, cross-linking
degree, and incubation conditions (time or media), leading to several pathways of fine morphological
control to satisfy a targeted biomedical usage.

A broader extension of the dynamic imine-based strategy involves reaching natural monoaldehydes
of a different nature, like the non-toxic, all-aliphatic citral in building chitosan-derived hydrogels.
The same molecular and supramolecular dynamic features are used to obtain amphiphilic
glycodynamers that reversibly immobilize the hydrophilic citral in the hydrophobic chitosan matrix by
physical and covalent means [80]. The resulting ordered networks show a sponge-like microstructure,
are highly elastic, and they display thixotropic and thermosensitive features similar to their homologs
based on aromatic monoaldehydes, convenient traits in biomedical terms. The new gelator renders
hydrogels with in vivo biocompatibility, as monitored on laboratory mice.

The homogeneous, microporous morphology of these hydrogels was exerted in the immobilization
(during hydrogelation) of an antineoplastic drug, 5-fluorouracil, to prepare anticancer drug delivery
systems [100]. The dynamic nature of these materials allowed for a uniform dispersion of the active
principle of various sizes within the cross-linked matrix, while the reduced dimensional polydispersity
of the network’s pores determined a homogeneous response in a biological environment (Figure 5).
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Moreover, the innate thixotropy of the gels permits their targeted injection and sets the bases
for a prolonged local release at the injection site (in this case, the peritoneal cavity), which assures
the much-desired combination of maximum local effect and minimum overall side effects. The drug
release behavior, as followed by UV–Vis and various theoretical mathematic models, consists of
a prolonged, diffusion-controlled mechanism starting from the outer layers of the hydrogels [101].
The system with the lowest citral concentration acted as the best drug reservoir, releasing roughly
65% of the anticancer reagent in 32 h. The chitosan-based matrices showed in vivo side effects that
were comparable and most likely belonging to the pure drug and a lysozyme-triggered enzymatic
degradation (11% mass loss after 21 days). These results boost further investigation of such dynamic
delivery systems in intraperitoneal chemotherapy and their extension towards the local delivery of
other antineoplastic agents.

4. Polymeric Non-Viral Vectors for Gene Delivery

Gene therapy is a pioneering procedure that is at the forefront of medical research that employs
nucleic acids as drugs in addressing pathological cells to substitute a defective gene, in order to correct
a genetic imperfection, or to amend a chronic disease [102,103]. It is basically about the optimal loading,
protection, and transfer of genetic material to a specific site via stable, non-toxic, biodegradable carriers
or vectors that are able to cross some sophisticated and sensitive physiological barriers (e.g., cell
membranes) [104,105].

While initial endeavors in the field were mostly dedicated to viral vectors (e.g., adeno-, lenti- and
retro-viruses), several safety- and production-related issues moved the attention towards alternative,
non-viral systems (e.g., cationic lipids, polymers, dendrimers) [106,107].

The crucial DNA-complexation skills of such a carrier must accomplish two conflicting functions
that are accessible through smart polymeric tools: (i) a strong connection to the anionic, semirigid
DNA chains to ensure safe passage and barrier penetration and (ii) a reversible interaction with the
DNA fragments to afford proper release (in the cell nucleus) [108]. Such functional aggregates are
dynamic (bio)conjugates that encompass a minimum number of molecular motifs to satisfy the required
polyvalent biological tasks. They operate based on the mutual supramolecular affinity and dynamical
steric complementary between the inactive (vector) and active (nucleic segment) complements [109].

The intricate transport mechanism is not completely understood, and it is customarily narrowed
down to a restrained collection of computational and experimental parameters [110]. The complexity
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of this puzzle is further enhanced by a wide variety of vector architectures and, thus, the ideal, both
efficient (transport and safety) and easy-to-manufacture non-viral carrier cannot be fully described
and designed.

A potential silver lining in non-viral vectors research is the use of polycationic macromolecular
segments that efficiently complex nucleic acids and gene plasmids into polyplexes while maintaining a
good barrier penetration yield [111,112]. Some of the best players in the field, judging by the number of
available studies, are linear or branched poly(L-Lysine) (PLL) and poly (ethylene imine) (PEI) [113,114].

Theoretical molecular dynamics simulations and experimental studies explain their success by
the variable ability to neutralize the negative charges of DNA through pH-dependent, electrostatic
binding and high density of amine functionalities susceptible to protonation in endolysosomal-specific
pH conditions (pH 5.0–7.4) [105,110,115,116].

Computational experiments show that the binding rate of the two involved macromolecules
(DNA and polycation) varies as a function of the polycationic protonation. For example, at full PLL
protonation (which takes place at pH 5.4), the distance between macromolecules drops in a couple of
nanoseconds (from roughly 40 Å to below 20 Å). At a smaller degree of protonation (50%, attainable at
pH 7.4), the same distance between macromolecules is reached after roughly 30 s [110].

The same in silico experiments confirm that hydrogen interactions are mostly instituted between
the oxygen atoms of the DNA backbone and the hydrogen ones belonging to the PLL’s amine
functionalities and are stronger at lower pH (5.4, as compared to pH 7.4). Moreover, the flexibility of the
two macromolecules, another important aspect in polyplex formation, is pH-dependent. While DNA
has a relatively stable conformation inside the polyplex at physiological pH, PLL chains (150–300 kDa)
prove more flexible and it is prone to bending and twisting in these conditions.

PEI has a higher concentration of amines that generates a pH buffering ability and contributes
to an efficient endosomal escape of polyplexes via a so-called ‘proton-sponge’ mechanism [105].
Moreover, it assembles DNA in polyplexes that are stable in physiological conditions while being
prone to replisomes-triggered degradation. Therefore, cationic, water-soluble, linear, and branched
PEI frameworks are considered by many the gold standard in DNA and RNA delivery, both in vitro
and in vivo [117,118]. The major drive in the PEI-based vectors research is the quest for additional
building blocks that allow modified PEI architectures with enhanced transfection and low cytotoxicity.
The studies usually express DNA binding efficiency in relationship with some design and experimental
elements: the ratio between the carrier’s elements, their size (especially PEI’s) and electrical charge,
overall cytotoxicity, and N/P ratio (N: nitrogen content from the polymeric unit, P: phosphate content
from DNA).

The aforementioned supramolecular dynamic strategy was used by our group to develop a
synthetic platform for the creation of libraries of modular carrier frameworks that self-adapt in a
dynamic fashion to the genetic material target [119–122]. The self-adjustment is established on reversible
interactions (imine units, hydrophilic/hydrophobic combinations, H-bonding, electrostatic interplays)
between the frameworks’ elements and the target or biological environment, which grant the optimal
modulation of 3D geometry and functional characteristics. Besides, the dynamic strategy affords the
full screening of a broad range of combinations and a fast selection of the most effective carriers.

The libraries were constructed, starting from a trifunctional core (benzene-1,3,5-tricarbaldehyde)
that reversibly connects the frameworks’ components and DNA-complexation sites into hyperbranched
structures by using amino-carbonyl/imine synthetic tools (Figure 6) [122].

Three types of components are used in various ratios: (i) low molar mass, branched PEIs as the
DNA-binding cationic units; (ii) amine-terminated PEG (polyethylene glycol) chains of various sizes as
the hydrophilic component and immunogenicity-reducing agent; and, (iii) PEGylated squalene as the
hydrophobic element. Small-sized, branched PEI segments were chosen, since preliminary studies
showed that higher molar masses promote undesired cytotoxicity [123,124]. PEGylation was applied to
increase cargo flexibility and solubility, and to shield the polyplex surface charge by a so-called “stealth
effect”, which however might decrease transfection yield by reducing ionic interactions with target
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cells [125,126]. The unsaturated lipid derivative was introduced based on its high biocompatibility
and the ability to self-assemble as to minimize the contact with aqueous environments [127].
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The first set of structure-performance studies showed a cooperative impact of the low PEI (2 kDa)
and PEG (1.5 kDa) moieties within the dynamic frameworks on promoting high transfection efficiency
whilst reducing the toxicity against human cells [120]. Squalene assisted the self-assembly of cargo
frameworks into supramolecular amphiphilic architectures that form stable polyplexes with DNA
and safely deliver it to cells. The carriers’ DNA-binding ability was directly connected to the PEI
concentration at low N/P values, while the amine-decorated PEG enhanced the transfection at higher
N/Ps. The library-based assessment also determined the most favorable vector composition in terms of
PEI concentration (1.5 equiv.), aminated PEG content (1 equiv.), and N/P ratio (50) in order to reach the
highest DNA transfection to HeLa cells. The best performing polyplexes displayed suitable dimensions
for cellular uptake and appropriate cytotoxicity.

A consecutive study used smaller, branched PEI fragments (0.8 kDa) and three PEG segments of
different sizes (1.5, 2.0, and 3 kDa) within the same supramolecular architecture, as above. The collection
of non-viral carriers was engineered this time to follow the effect of the systematical increase in the ratio
and size of the amine-terminated hydrophilic units on the dimensions, DNA-binding, and subsequent
transfection and toxicity of the resulting vectors [122].

A size-dependent, sterical interplay between the PEG segments and other components was
observed, which also affected the DNA-complexation features. The longer PEG chains generated
smaller particles and reduced DNA-binding, which resulted in larger and loosened polyplexes, due to
a shielding effect over the branched PEI segments. At the same time, they afforded the carriers with
the highest biocompatibility, but lowered the in vitro transfection efficiency. Optimal, 1 equiv. ratio of
aminated PEG and N/P ratio of 100 were found to provide the best transfection performance.

Morphological evaluation of some of these carrier systems substantiated high discrepancies in the
dimensions of PEG-based systems as compared to their non-PEG counterparts. The absence of PEG
chains determines an intricate cross-linking process, followed by a PEG-driven self-aggregation into
even bigger assemblies.

Nanospherical carriers can be obtained through the reversible imine strategy by replacing the
squalene-terminated PEG segments with small, hydrophobic siloxane segments in combinations with
the same low molar mass PEI chains (both 0.8 and 2 kDa) [108]. They efficiently bind DNA and form
nanometric polyplexes with tight dimensional polydispersity.
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Satisfying DNA-complexation skills are also attainable when the aforementioned trifunctional
aldehyde core is replaced with a bifunctional one (1,1′,2-trisnorsqualenaldehyde) in branched
PEI-containing carriers, as can be observed in Figure 7 [119]. The obtained squalene-bPEI amphiphilic
conjugate progressively aggregates in an aqueous environment and generates fine, multimolecular
micelles of various sizes. The biggest one displayed a diameter below 200 nm, which is beneficial
for gene delivery, since polyplex nanoconjugates with dimensions between 10 and 200 nm ensure a
long-drawn passage in the vascular system [122].Materials 2020, 13, x FOR PEER REVIEW 14 of 30 
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Hela cells transfection assays show maximum efficiency at N/P ratios of 20 for the squalene-PEI
conjugate, and 15 for the guanidinylated derivate, respectively. The outcomes are superior to the ones
that are provided by naked bPEI-derived polyplexes with one order of magnitude.

The inclusion of such polyplexes into the biocompatible, macroporous matrix of a hybrid
cryogel (based on biopolymers, poly(ε-caprolactone, and PEI-functionalized hydroxyapatite) ensures a
non-toxic, constant DNA delivery along 26 days and maximum expression in the 5th day [112,119].
Time-dependent assessment of DNA- and vector-release from the 3D matrix evidenced a modulation
of the release kinetics based on electrostatic and hydrophobic interplays involving free carrier in excess,
polyplexes and the hybrid cryogel, depending on their specific structural features and the degradation
of the microporous network. Static and dynamic experiments point towards the retention of remaining
DNA within the matrix along several components (linear or branched PEI, residual biopolymer) that
are able to complex the genetic material by their own. Based on the most efficient N/P values, the
excess carrier concentration can be further optimized downwards by considering both carrier and
hybrid matrix features.

Based on this behavior, it can be considered that the developed platforms enable a tunable
release of genetic material and it can be recommended for use as gene-activated matrix systems.
These systems merge principles and strategies from gene therapy and tissue engineering to deliver viable
alternatives for specific (localized), long-term delivery of genetic material at improved biocompatibility.
The pathway unlocks the possibility to bypass some extracellular barriers that are usually hampering
any upscaling attempts and imply complex and costly multi-step procedures, and therefore it is highly
relevant for clinical applications.

Our group has also followed a radical step in the choice of a focal point, by designing and
producing fullerene (C60) conjugates with dendrimer-like architectures that efficiently bind linear and
plasmidic double stranded DNA and form cytofriendly polyplex-type gene vectors [114]. The non-toxic
C60 focal point provides the necessary dimensional and spatial characteristics to bind genetic material,
but it suffers from poor solubility. Its conjugation with short bPEI (2 kDa) and the optional addition
of PEG chains (also short: 2 kDa) solve this issue and delivers the additional means for proper gene
transfection. This approach was used in order to obtain the stable, particulate polyplexes depicted in
Figure 8 in a relatively simple and reproducible manner.

The connection of C60 with PEI (1:3.5 molar ratio) or with PEI and PEG (1:2.5:0.9) resulted in
soluble, amine-decorated carriers that bind DNA targets (dsDNA or a plasmid carrying a reporter
gene, pEYFP in Figure 8) into bioconjugated constructs with diameters between 50 and 200 nm, in
direct connection to the type and amount of associated DNA. The polyplexes switch between the
anionic and cationic state at an N/P ratio of 5 and reach colloidal steadiness at an N/P value higher
than 10, as confirmed by zeta potential measurements and atomic force microscopy, respectively.

The carrier only containing PEI branches showed 25% transfection efficiency of the pEYFP genetic
material at N/P values above 20, which is higher than the one obtained for the SuperFect® commercial
carrier in the same conditions (15%). PEGylation resulted in conjugates with lower transfection yield (6%),
but satisfied its primary goal: low cytotoxic carriers (comparable to the positive control in expressing the
EYFP reporter gene in cultured cells) and superior cytocompatibility (200% cell proliferation).

These positive results could be further exploited by including C60 in the aforementioned
supramolecular dynamic strategy that was based on libraries of modular carrier frameworks. Moreover,
it has already become clinically relevant after its successful use in the delivery of Runx2-shRNA plasmids
as to down-regulate the expression of proteins that are involved in the osteodifferentiation of human
valvular interstitial cells in diabetic and pro-osteogenic conditions [118].

Spectacular results (from the structural blueprint point of view) are accessible when versatile
cyclodextrin (CD) entities are used as chain links to develop supramolecular, mechanically interlocked,
polyrotaxane assemblies that function as gene delivery vectors through a spatial, cationic network
(Figure 9) [109,128].
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From the chemical blueprint point of view, the use of CD moieties in the conjugation of
amine-decorated polymeric chains (like in the case of PEI) requires their modification with unsaturated
structural motifs. The acryloyl chloride synthetic route (conducted in anhydrous and non-oxidative
conditions and at a reduced kinetic pace) is one of the most productive pathway in this regard and it
also ensures the means for reproducible derivatives (and, as a consequence, reproducible non-viral
vectors). The resulting derivatives can be involved afterwards in various synthetic protocols (for
example, Michael addition) with the envisaged polymeric backbone [128].

An individual carrier of this type was obtained by employing a flexible PEG axle of definite
length (1 kDa) to tread nine functionalized cyclodextrins within two cage-like, silatrane terminal points.
Each cyclodextrin moiety was first used to attach three PEI units (2 kDa) in order to generate a giant
PEI-like polycation that preserves the DNA-complexation ability but sidesteps the cytotoxicity of high
molecular weight PEIs.

The functionality of these cargo-complexes was further multiplied by appending three other
structural motifs to the rotaxane side-branches via the pendant PEI branches: a PEI-PEG mixture,
guanidine- and arginine-decorated PEI fragments (Figure 9) [109]. While complex and demanding,
the accurate design and synthetic strategies deliver reproducible vectors that further function in a
reproducible fashion. The resulting framework behaves a positively charged nanoparticle that shares
the propensity towards packing large macromolecules of genetic material of the individual, particulate
carriers, and leads to compact, tight cargo-complexes.

A combination between the quasi-linear architecture and the cyclodextrin’s mobility enables the
nanosized carriers to encircle DNA fragments at their surface and behave as a wrapping/folding/bridging
nano-platform. A key feature of the resulting cargo complexes is the ability to chemo-mimic histone
octameric complexes and morpho-mimic nucleosomes. In silico molecular modeling, firstly employed
to direct the design of the non-viral vector, also corroborated the histone chemo-mimicry of the
carrier within the closely-packed, dense, spiral arrangement of DNA, and confirmed its morphological
resemblance to nucleosomes [128]. Synergistic cooperation between the carriers’ components unlocks
an efficient delivery of DNA into HeLa cells, thus attesting the efficiency of these non-viral vectors.

The interplay between the PEI fragments and cyclodextrin units can be used to tune the organization
and composition of such an edifice, while its reactivity towards genetic material and carrier functionality
can be tailored by varying the PEI, PEG, and β-CD proportion, and PEI length, respectively.

5. Metallic Nanoconjugates for Biomedical Applications

There is one additional chemical tool that can be used in combination with the smart synthetic
gadgets presented so far to reach biomedical potential: metals. Metallic nanoparticles with well-defined,
controlled size, shape, and dispersity are easily accessible by various preparation methods and they
offer many promises for biomedical applications [129–133].

Core-shell magnetic nanoparticles (MNPs) come forward from the wide range of available options,
since they favor the engineering of physical features of distinct components for targeted bio-related
usage. Three key properties are convenient for biomedical research: the multiple functionalization
opportunities, superparamagnetism, and the possibility to specifically guide and accumulate them in a
tissue of choice. Therefore, MNPs are already used as imaging agents, drug carriers, and bioactive
thermal-based vectors.

One appealing direction in this regard is the employment of MNPs as the carriers of antioxidant
agents’ for the inactivation of nitrogen and oxygen reactive species, while assuring minimal side
effects [134,135]. Some of our contributions to the field refer to the development of complex, conjugated
entities of nanometric dimensions that are capable of transport and release antioxidant agents in a
pharmacologically-directed and spatially-guided fashion [136].

Cerium oxide recently evolved as a starred player within inorganic antioxidants, since it provides
additional benefits to the radical scavenger activity: radio- and neuro-protection, anti-inflammatory
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features a.o. Cerium oxide nanoparticles were used as the metallic center of nanoconjugates since they
mimic the activity of superoxide dismutase and annihilate reactive oxygen species [137,138].

Therefore, it was also interconnected with magnetite nanoparticles to create the magnetic core of
nanosized cargo-complexes, which can be spatially directed in a biological environment via a magnetic
field. In both cases, the shell was constructed by coating the metallic nanoparticles with low molar
mass (1.8 kDa), branched PEI fragments, in their naked form or after cross-linking and activation
with glutaraldehyde (Figure 10). The electrostatic interactions between the cationic polymeric chains
and the MNPs with negative zeta-potential stabilize the resulting conjugates and ensure the required
steadiness for further physical, chemical, and biological investigations.
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The PEI-coated nanoceria conjugates showed a spherical morphology between 5 and 8 nm
in diameter, depending on the number of starting components. The two magnetic core-shell
complexes display superparamagnetic features and a saturation magnetization within the boundaries
of biomedical usage.
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They all presented low toxicity and in vitro and in vivo free-radical scavenging features against
DPPH (1,1-diphenyl-2-picryl hydrazyl) radicals and ABTS+• (2,2′-azino-bis(3-ethyl-benzthiazoline
-6-sulfonic acid) cation radicals, respectively. The oxidative stress reduction was boosted via imine
linkages after the activation of the PEI shell and conjugation with magnetic components. The best results
were obtained for the magnetic conjugate decorated with activated PEI fragments. When injected in
mice, the antioxidant activity of this magnetic conjugate was observed to increase in the order: plasma
(9–14%, depending), brain (20%), liver (39%), and spleen (97%). Further investigations are in order to
elucidate this mechanism and the synergy between the naturally-occurring antioxidant activity and
the nanoconjugate-triggered reduction of oxidative stress.

Nanocarriers prepared by the conjugation of the aforementioned magnetite nanoparticles with
small branched PEI fragments (MPEI in Figure 10) were also used to pack a natural free radical
scavenger, protocatechuic acid (PCA), or its β-cyclodextrin complex (chemically modified with
sulfobutylether to attain anionic units). PCA is seldomly employed as a stabilizer for magnetic particles
in aqueous environments when the functionalization is performed through a ligand exchange process.
The macrocyclic route became a frequent strategy in the encapsulation of various natural or synthetic
antioxidants which suffer from solubility issues. The PEI-based shell increases the stability and it
assists the loading, transport, and delivery of the antioxidant, leading to the formation of drug delivery
vehicles that fuse the bio-useful traits of the core-shell construct and its load [139].

The antioxidant character of PCA is based on a radical-scavenging ability coming from electron- and
hydrogen-donating mechanisms. These antioxidant features were not hampered by its incorporation
within the PEI fragments both in its free form and as inserted in the cyclodextrin’s cavity. A higher
antioxidant activity was observed in the case of the PEI-based conjugate as compared to the macrocyclic
counterpart due to a lower PCA content of the latter (with a final inhibition ratio of 1.28 in favor of the
PEI-PCA metallic construct). Release studies presented a steady, three-day discharge and a slower
release for the cyclodextrin-containing conjugate, due to the added inclusion level. In addition, in vitro
toxicity assays proved the biocompatibility of both bioconjugates.

Therefore, this pathway is a viable solution to deliver unstable, water-insoluble, active principles
through biocompatible core-shell conjugates. The mild experimental conditions and relatively facile
and reproducible entrapment methods are further benefits in this regard. Moreover, the magnetic
guidance and thermic effect of the magnetite component empowers further exploration as a complement
to the antioxidative character of these metallic complexes.

6. Smart Organic Tools for Biomedical Imaging

The DNA-binding ability of organic structural entities with the help of smart organic tools can also
be put to work in other interesting biomedical directions by following the same non-covalent binding
tools as most therapeutic species: base pair intercalation, groove- and outside-binding, self-stacking
along the biomacromolecule’s backbone a.o.

The addition of a second function to the DNA-binding ability, like a particular emissive behavior,
provides the basis to estimate secondary conditions and assess the time-dependent chemical setup
of the surrounding biological environment. Therefore, fluorescence imaging evolved in recent years
as a robust method to visualize and track biological targets or even processes that occur in living
systems [140,141].

This translates into a strong demand for small organic frameworks that are able to bind to certain
biomolecules while displaying particular emissive behavior. Any additional feature, like sensitivity or
specificity to the transient chemical composition of the biological medium, is welcomed to the field.
A wide range of commercial or synthetic organic fluorescent agents is heavily studied and amended
to be used in bioimaging and biolabeling. The biggest hurdles to overcome are of analytical (proper
photo-physical features to ensure specificity or sensitivity) or biological (unsatisfying solubility, toxicity,
poor membrane permeability) nature. From the optical characteristics point of view, one of the most



Materials 2020, 13, 3343 19 of 29

common disadvantages is a narrow Stokes shift (below 25–30 nm) that generates self-quenching and
detection errors and, therefore, occludes their applicative promises [142–144].

Our group broached the subject by developing a small series of organic dyes with
pyridine-indolizinic skeleton and studying their particular, pH-sensitive fluorescence behavior, their
DNA-binding affinity, and the possibility to construct supramolecular edifices that are based on
them. The indolizine structure proved its usefulness in bioimaging and biosensing, while the planar
pyridine-indolizinic framework ensures suitable photo-physical features, especially in terms of Stokes
shift values. [145]

First, a new 7-(pyridin-4-yl)-substituted indolizine compound with a pendant propargyl unit
was developed based on known synthetic procedures [145,146]. This was further subjected to a click
reaction with an anthracene azide derivative to prepare a pyridyl-indolizine dye that anchors an
anthracene moiety (Figure 11) [147]. The rigid aromatic anthracene functionality was chosen due
to its well-established electro-optical features and the propensity towards aromatic interactions that
could further promote structural interplays within the helical DNA backbone [148–150]. Anthracene
derivatives (some of them being used as chemotherapeutic agents) strongly bind to DNA in biological
environments based on a intercalating and groove-binding mechanism
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Both of the derivatives acted as yellow fluorophores and proved distinct absorption and emission
features in direct correlation with the pH value and dye structure (especially the protonation of the
pyridine unit). High Stokes shift values were calculated for the optical properties in buffer solutions
and they proved to be comparable or even superior to the ones that were reported for other indolizine
derivatives in organic media.

The addition of DNA at physiological pH modified the absorption and emission spectra of
both dyes, indicating their performance as nucleic acid binders, which was further confirmed by gel
electrophoresis experiments. Moreover, the anthracene derivative shows weak fluorescence intensity
in aqueous media due to an aggregation-based quenching process that is instantly suspended in the
company of the biological macromolecule, as evidenced by the sharp fluorescence increase.

Molecular docking studies correlated with the photo-physical experimental information indicated
that the anthracene-based derivative displays a higher affinity towards DNA as its propargylic
counterpart, as revealed by the lower binding energy and complex dissociation constant values.
These results are the starting points of consecutive in-depth studies in order to confirm the DNA-binding
mechanism and address DNA photocleavage procedures based on the anticancer prospects of the
anthracene-derived system. However, any research on the matter should be preceded by the
optimization of the dyes’ structure to unlock enhanced solubility and non-toxicity.

Based on the improvements obtained in the case of commercial fluorescent dyes used as imaging
agents, one direction of research is the use of supramolecular host-guest assemblies involving
cyclodextrins [151–153]. For example, another indolizine derivative containing a pyridinium salt
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fragment, which suffers from high toxicity and reduced solubility issues was introduced into inclusion
complexes with β-cyclodextrin in 1:1 and 1:2 ratios (Figure 12).
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The pyridinium salt is prone to base-triggered, reversible formation of nitrogen ylides. This feature
imparts a pH-sensitive fluorescence emission, which is not severely hampered by the incorporation in
β-cyclodextrin assemblies [154].

The resulting assemblies annulled the dye’s toxicity and, more interesting, showed cellular
permeability and selective accumulation within cell acidic organelles (lysosomes or mitochondria). To
our best knowledge, this is the first corroboration of a cyclodextrin-triggered toxicity mitigation of a
fluorescent dye coupled with a cell staining validation. A 48-h study regarding emissive properties
in biological media evidenced a long-lived, constant intracellular fluorescent behavior, superior to
commercially available organelles markers.

The excellent intracellular dye stability qualifies the inclusion complexes as viable candidates for
acidic organelles labeling or staining and it suggests an expansion towards the assessment of lysosomal
morphology and trafficking in intact cells. Moreover, they imply that the host-guest pathway should
be expanded to other fluorescent agents with poor solubility and limiting toxicity, as to widen the
current compact collection of fluorescent agents for cells staining or labelling.

7. Conclusions and Future Directions

This minireview highlights some particular developments obtained in the last five years by
our group on the topic of stimuli-sensitive molecular tools for biomedical applications. The design
and mechanistic details are provided concerning the smart synthetic pathways that are employed
to prepare supra- and macro-molecular architectures with specific responses to external stimuli.
Five major themes are approached: (i) temperature- and pH-responsive systems for controlled drug
delivery; (ii) glycodynameric hydrogels for drug delivery; (iii) polymeric non-viral vectors for gene
delivery; (iv) metallic nanoconjugates for biomedical applications; and, (v) smart organic tools for
biomedical imaging.

The dynamic transformation of these materials under external triggers comes close to the much
sought after biological intelligence that inspired the smart polymers area. The progress attained
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so far promises to settle several issues in the field: safe and specific delivery of targeted bioactive
agents, enhanced sensitivity and response, improved stability and solubility, superior exploration of
supramolecular assemblies, biomedical possibilities a.o. Moreover, it provides some starting points in
the quest for smart solutions for the futuristic challenges of the ever-demanding biomedical research.

It can be considered that the temperature- and pH-responsive systems for controlled drug delivery
or smart dyes for biomedical imaging reached the necessary maturity to go to the next step, in terms
of upscaling, testing level, or even market entry. Meanwhile, the true potential of glycodynamers,
non-viral vectors, and metallic conjugates is still emerging and there is quite a long road to be covered
before their final use. There are many synthetic pathways to be enhanced, mechanistic insights to be
discovered, polymeric architectures to be constructed, and novel features to be explored.

A broader extension of the dynamic imine-based strategy that is based on the use of new,
bio-inspired monoaldehydes or other biomacromolecules of polysaccharide nature is expected in
order to pave the way for new applicative promises, especially in the drug delivery area. Moreover,
morphology control and thixotropy exploration could further boost the research in this direction and
generate interesting results.

Satisfying DNA-complexation skills are attainable via the supramolecular architectures presented
herein. The self-adjustment strategy and library-based pathway proved their highly productive
and further development of synthetic platforms based on other focal points and/or macromolecular
building blocks is expected in the near future. However, the novel non-viral vectors are forced to
satisfy new, higher standards in terms of functionality and efficiency to get closer to clinical trials.
Moreover, the clinical relevance of the gene-activated matrix systems strategy empowers the quest for
new components of such combined systems.

Core-shell magnetic nanoconjugates represent an intense research subject. The work performed
so far delivered biocompatible, stable, and very active constructs. Further studies are required in order
to unveil mechanistic insights and build some connections between the innate antioxidant activity and
the oxidative stress reduction determined by the nanoconjugate.

DNA-binding, smart organic frameworks seem to have the smallest hurdles to pass towards
application (especially in bioimaging and biolabeling). While the required stability, specificity, and
sensitivity were already attained, there is still some non-trivial work to be performed in order to ensure
proper non-toxicity and membrane permeability, and the cyclodextrin-based blueprint looks promising
in this regard.

There is one additional tool that brings key benefits in all of these research topics: in silico
chemistry. As scarcely mentioned throughout the review, theoretical molecular dynamics simulations,
logistic models, molecular docking studies, and design of experiments have high impact in all stages of
research, from the initial design to the fine modulation of resulting systems. Data-driven models enable
the foundation of complex functional relationships between various levels of design and experimental
factors and the final features or efficacy (response) of the obtained materials.

Author Contributions: Conceptualization, M.P. and R.D.R.; methodology, M.J.M.A., R.D.R. and M.P.; investigation,
R.D.R., M.P. and M.J.M.A.; resources, M.P.; data curation, R.D.R.; writing—original draft preparation, R.D.R.
and M.P.; writing—review and editing, M.P., M.J.M.A. and R.D.R.; supervision, M.P. and M.J.M.A.; project
administration, M.J.M.A. and M.P.; funding acquisition, M.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This publication is part of a project that has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 667387 WIDESPREAD 2-2014 SupraChem Lab.
This work was supported by a grant of the Romanian National Authority for Scientific Research and Innovation,
CNCS/CCCDI–UEFISCDI, project number PN-III-P3-3.6-H2020-2016-0011, within PNCDI III.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gillies, E.R. Reflections on the evolution of smart polymers. Isr. J. Chem. 2019, 59, 1–12. [CrossRef]

http://dx.doi.org/10.1002/ijch.201900075


Materials 2020, 13, 3343 22 of 29

2. Cohen Stuart, M.A.; Huck, W.T.A.; Genzer, J.; Müller, M.; Ober, C.; Stamm, M.; Sukhorukov, G.B.; Szleifer, I.;
Tsukruk, V.V.; Urban, M.; et al. Emerging applications of stimuli-responsive polymer materials. Nat. Mater.
2010, 9, 101–113. [CrossRef] [PubMed]

3. Doberenz, F.; Zeng, K.; Willems, C.; Zhang, K.; Groth, T. Thermoresponsive polymers and their biomedical
application in tissue engineering—A review. J. Mater. Chem. B 2020, 8, 607–628. [CrossRef] [PubMed]

4. Alejo, T.; Uson, L.; Arruebo, M. Reversible stimuli-responsive nanomaterials with on-off switching ability for
biomedical applications. J. Control. Release 2019, 314, 162–176. [CrossRef] [PubMed]

5. Zhang, A.; Jung, K.; Li, A.; Liu, J.; Boyer, C. Recent advances in stimuli-responsive polymer systems for
remotely controlled drug release. Prog. Polym. Sci. 2019, 99, 101164. [CrossRef]

6. Mrinalini, M.; Prasanthkumar, S. Recent advances on stimuli-responsive smart materials and their applications.
ChemPlusChem 2019, 84, 1103–1121. [CrossRef]

7. Wells, C.M.; Harris, M.; Choi, L.; Murali, V.P.; Delbuque Guerra, F.; Jennings, J.A. Stimuli-Responsive drug
release from smart polymers. J. Funct. Biomater. 2019, 10, 34. [CrossRef]

8. De las Heras Alarcon, C.; Pennadam, S.; Alexander, C. Stimuli responsive polymers for biomedical
applications. Chem. Soc. Rev. 2005, 34, 276–285. [CrossRef]

9. Rosca, I.; Petrovici, A.R.; Peptanariu, D.; Nicolescu, A.; Dodi, G.; Avadanei, M.; Ivanov, I.C.; Bostanaru, A.C.;
Mares, M.; Ciolacu, D. Biosynthesis of dextran by Weissella confusa and its in vitro functional characteristics.
Int. J. Biol. Macromol. 2018, 107, 1765–1772. [CrossRef]

10. Petrovici, A.R.; Rosca, I.; Stoica, I.; Silion, M.; Nicolescu, A.; Dodi, G.; Simionescu, N.; Varganici, C.D.;
Ivanov, I.C.; Pinteala, M. Biosynthesis of exopolysaccharides by Weissella confusa in a new culture medium.
Rom. Biotechnol. Lett. 2018, 23, 13637–13646.

11. Petrovici, A.R.; Nicolescu, A.; Silion, M.; Rosca, I.; Ciolacu, D. Biopolymer biosynthesis by lactic acid bacteria
strain in four different culture media. Rev. Roum. Chim. 2018, 63, 637–642.

12. Balan, G.G.; Rosca, I.; Ursu, E.L.; Fifere, A.; Varganici, C.D.; Doroftei, F.; Turin-Moleavin, I.A.; Sandru, V.;
Constantinescu, G.; Timofte, D.; et al. Duodenoscope-Associated infections beyond the elevator channel:
Alternative causes for difficult reprocessing. Molecules 2019, 24, 2343. [CrossRef]

13. Bostanaru, A.C.; Rosca, I.; Minea, B.; Nastasa, V.; Foia, L.; Marincu, I.; Mares, M.; Mederle, O.A. Genotype
comparison of Candida albicans isolates from different clinical samples. Rev. Rom. Med. Lab. 2019, 27,
327–332. [CrossRef]

14. Rosca, I.; Bostanaru, A.C.; Minea, B.; Nastasa, V.; Gherghel, I.; Panzaru, C.V.; Mares, M.;
Moroti-Constantinescu, V.R. Phenotypic and genotypic variations in Candida albicans isolates from Romanian
patients. Rev. Rom. Med. Lab. 2018, 26, 405–413. [CrossRef]

15. Balan, G.G.; Rosca, I.; Ursu, E.L.; Doroftei, F.; Bostanaru, A.C.; Hnatiuc, E.; Nastasa, V.; Sandru, V.;
Stefanescu, G.; Trifan, A.; et al. Plasma-Activated water: A new and effective alternative for duodenoscope
reprocessing. Infect. Drug Resist. 2018, 11, 727–733. [CrossRef] [PubMed]

16. Mares, M.; Minea, B.; Nastasa, V.; Rosca, I.; Bostanaru, A.C.; Marincu, I.; Toma, V.; Cristea, V.C.; Murariu, C.;
Pinteala, M. In vitro activity of echinocandins against 562 clinical yeast isolates from a Romanian multicentre
study. Med. Mycol. 2018, 56, 442–451. [CrossRef] [PubMed]

17. Rotaru, A.; Pricope, G.; Plank, T.N.; Clima, L.; Ursu, E.L.; Pinteala, M.; Davis, J.T.; Barboiu, M. G-Quartet
hydrogels for effective cell growth applications. Chem. Commun. 2017, 53, 12668. [CrossRef] [PubMed]

18. Ursu, E.L.; Gavril, G.; Morariu, S.; Pinteala, M.; Barboiu, M.; Rotaru, A. Single-Walled carbon
nanotubes–G-quadruple hydrogel nanocomposite matrixes for cell support applications. Mater. Sci.
Eng. C Mater. Biol. Appl. 2020, 111, 110800. [CrossRef]

19. Barboiu, M. Artificial water channels-incipient innovative developments. Chem. Commun. 2016, 52,
5657–5665. [CrossRef]

20. Sun, Z.; Barboiu, M.; Legrand, Y.M.; Petit, E.; Rotaru, A. Highly selective artificial cholesteryl crown ether
K(+)-channels. Angew. Chem. Int. Ed. 2015, 54, 14473–14477. [CrossRef]

21. Murail, S.; Vasiliu, T.; Neamtu, A.; Barboiu, M.; Sterpone, F.; Baaden, M. Water permeation across artificial
I-quartet membrane channels: From structure to disorder. Faraday Discuss. 2018, 209, 125–148. [CrossRef]
[PubMed]

22. Nastasa, V.V.; Stavarache, C.; Hanganu, A.; Coroaba, A.; Nicolescu, A.; Deleanu, C.; Sadet, A.; Vasos, P.
Hyperpolarised NMR to follow water proton transport through membrane channels via exchange with
biomolecules. Faraday Discuss. 2018, 209, 67–82. [CrossRef]

http://dx.doi.org/10.1038/nmat2614
http://www.ncbi.nlm.nih.gov/pubmed/20094081
http://dx.doi.org/10.1039/C9TB02052G
http://www.ncbi.nlm.nih.gov/pubmed/31939978
http://dx.doi.org/10.1016/j.jconrel.2019.10.036
http://www.ncbi.nlm.nih.gov/pubmed/31644937
http://dx.doi.org/10.1016/j.progpolymsci.2019.101164
http://dx.doi.org/10.1002/cplu.201900365
http://dx.doi.org/10.3390/jfb10030034
http://dx.doi.org/10.1039/B406727D
http://dx.doi.org/10.1016/j.ijbiomac.2017.10.048
http://dx.doi.org/10.3390/molecules24122343
http://dx.doi.org/10.2478/rrlm-2019-0027
http://dx.doi.org/10.2478/rrlm-2018-0023
http://dx.doi.org/10.2147/IDR.S159243
http://www.ncbi.nlm.nih.gov/pubmed/29844690
http://dx.doi.org/10.1093/mmy/myx059
http://www.ncbi.nlm.nih.gov/pubmed/28992116
http://dx.doi.org/10.1039/C7CC07806D
http://www.ncbi.nlm.nih.gov/pubmed/29131208
http://dx.doi.org/10.1016/j.msec.2020.110800
http://dx.doi.org/10.1039/C6CC01724J
http://dx.doi.org/10.1002/anie.201506430
http://dx.doi.org/10.1039/C8FD00046H
http://www.ncbi.nlm.nih.gov/pubmed/29974103
http://dx.doi.org/10.1039/C8FD00021B


Materials 2020, 13, 3343 23 of 29

23. Pinteala, T.; Chiriac, A.E.; Rosca, I.; Larese Filon, F.; Pinteala, M.; Chiriac, A.; Podoleanu, C.; Stolnicu, S.;
Coros, M.F.; Coroaba, A. Nail damage (severe onychodystrophy) induced by acrylate glue: Scanning electron
microscopy and energy dispersive X-Ray investigations. Skin Appendage Disord. 2017, 2, 137–142. [CrossRef]

24. Coroaba, A.; Chiriac, A.E.; Sacarescu, L.; Pinteala, T.; Minea, B.; Ibanescu, S.A.; Pertea, M.; Moraru, A.;
Esanu, I.; Maier, S.S.; et al. New insights into human hair: SAXS, SEM, TEM and EDX for Alopecia areata
investigations. PeerJ 2020, 8, e8376. [CrossRef] [PubMed]

25. Gritsch, L.; Motta, F.L.; Negrini, N.C.; Yahia, L.; Fare, S. Crosslinked gelatin hydrogels as carriers for
controlled heparin release. Mater. Lett. 2018, 228, 375–378. [CrossRef]

26. Chen, Y.; Chen, B.Z.; Wang, Q.L.; Jin, X.; Guo, X.D. Fabrication of coated polymer microneedles for
transdermal drug delivery. J. Control. Release 2017, 265, 14–21. [CrossRef] [PubMed]

27. Hyun, H.; Park, J.; Willis, K.; Park, J.E.; Lyle, L.T.; Lee, W.; Yeo, Y. Surface modification of polymer
nanoparticles with native albumin for enhancing drug delivery to solid tumors. Biomaterials 2018, 180,
206–224. [CrossRef]

28. Gaudio, C.; Crognale, V.; Serino, G.; Galloni, P.; Audenino, A.; Ribatti, D.; Morbiducci, U. Natural polymeric
microspheres for modulated drug delivery. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 75, 408–417. [CrossRef]

29. Fundueanu, G.; Constantin, M.; Bucatariu, S.; Ascenzi, P. Poly (N-isopropylacrylamide-co-Nisopropylmethacrylamide)
thermo-responsive microgels as self-regulated drug delivery system. Macromol. Chem. Phys. 2016, 217, 2525–2533.
[CrossRef]

30. Fundueanu, G.; Constantin, M.; Oanea, I.; Harabagiu, V.; Ascenzi, P.; Simionescu, B.C. Entrapment and
release of drugs by a strict ‘on-off’ mechanism in pullulan microspheres with pendant thermosensitive
groups. Biomaterials 2010, 31, 9544–9553. [CrossRef]

31. Fundueanu, G.; Constantin, M.; Stanciu, C.; Theodoridis, G.; Ascenzi, P. pH- and temperature-sensitive
polymeric microspheres for drug delivery: The dissolution of copolymers modulates drug release. J. Mater.
Sci. Mater. Med. 2009, 20, 2465–2475. [CrossRef]

32. Heskins, M.; Guillet, J.E. Solution properties of poly(N-isopropylacrylamide). J. Macromol. Sci. Chem. 1968, 2,
1441–1455. [CrossRef]

33. Enas, M.A. Hydrogel: Preparation, characterization, and applications: A review. J. Adv. Res. 2015, 6, 105–121.
34. Sherbiny, I.M.E.; Magdi, H.Y. Hydrogel scaffolds for tissue engineering: Progress and challenges. Glob.

Cardiol. Sci. Pract. 2013, 3, 316–342. [CrossRef] [PubMed]
35. Yang, J.A.; Yeom, J.; Hwang, B.W.; Hoffman, A.S.; Hahn, S.K. In situ-forming injectable hydrogels for

regenerative medicine. Prog. Polym. Sci. 2014, 39, 1973–1986. [CrossRef]
36. Buengera, D.; Topuza, F.; Groll, J. Hydrogels in sensing applications. Prog. Polym. Sci. 2014, 37, 1678–1719.

[CrossRef]
37. Jianyu, L.; Mooney, D.J. Designing hydrogels for controlled drug delivery. Nat. Rev. Mater. 2016, 1, 16071.
38. D’Emanuele, A.; Dinarvand, R. Preparation, characterisation, and drug release from thermoresponsive

microspheres. Int. J. Pharm. 1995, 118, 237–242. [CrossRef]
39. Sato-Matsuo, E.; Tanaka, T. Kinetics of discontinuous volume–phase transition of gels. J. Chem. Phys. 1988,

89, 1695–1703. [CrossRef]
40. Tanaka, T.; Fillmore, D.J. Kinetics of swelling of gels. J. Chem. Phys. 1979, 70, 1214–1218. [CrossRef]
41. Fundueanu, G.; Constantin, M.; Ascenzi, P. Poly (N-isopropylacrylamide-co-acrylamide) cross-linked

thermoresponsive microspheres obtained from preformed polymers: Influence of the physico-chemical
characteristics of drugs on their release profiles. Acta Biomater. 2009, 5, 363–373. [CrossRef]

42. Zhang, X.Z.; Yang, Y.Y.; Chung, S.T.; Ma, K.X. Preparation and characterization of fast response macroporous
poly (N-isopropylacrylamide) hydrogels. Langmuir 2001, 17, 6094–6099. [CrossRef]

43. Wang, W.; Xu, X.D.; Wang, Z.C.; Cheng, S.X.; Zhang, X.Z.; Zhuo, R.X. Synthesis and properties of pH and
temperature sensitive P (NIPAAm-co-DMAEMA) hydrogels. Colloid Surf. B 2008, 64, 34–41. [CrossRef]
[PubMed]

44. Djokpé, E.; Vogt, W. N-Isopropylacrylamide and N-Isopropylmethacryl-amide: Cloud points of mixtures
and copolymers. Macromol. Chem. Phys. 2001, 202, 750–757. [CrossRef]

45. Constantin, M.; Cristea, M.; Ascenzi, P.; Fundueanu, G. Lower critical solution temperature versus volume
phase transition temperature in thermoresponsive drug delivery systems. Express Polym. Lett. 2011, 5,
839–848. [CrossRef]

http://dx.doi.org/10.1159/000450791
http://dx.doi.org/10.7717/peerj.8376
http://www.ncbi.nlm.nih.gov/pubmed/31976181
http://dx.doi.org/10.1016/j.matlet.2018.06.047
http://dx.doi.org/10.1016/j.jconrel.2017.03.383
http://www.ncbi.nlm.nih.gov/pubmed/28344014
http://dx.doi.org/10.1016/j.biomaterials.2018.07.024
http://dx.doi.org/10.1016/j.msec.2017.02.051
http://dx.doi.org/10.1002/macp.201600324
http://dx.doi.org/10.1016/j.biomaterials.2010.08.062
http://dx.doi.org/10.1007/s10856-009-3807-0
http://dx.doi.org/10.1080/10601326808051910
http://dx.doi.org/10.5339/gcsp.2013.38
http://www.ncbi.nlm.nih.gov/pubmed/24689032
http://dx.doi.org/10.1016/j.progpolymsci.2014.07.006
http://dx.doi.org/10.1016/j.progpolymsci.2012.09.001
http://dx.doi.org/10.1016/0378-5173(94)00384-H
http://dx.doi.org/10.1063/1.455115
http://dx.doi.org/10.1063/1.437602
http://dx.doi.org/10.1016/j.actbio.2008.07.011
http://dx.doi.org/10.1021/la010105v
http://dx.doi.org/10.1016/j.colsurfb.2008.01.001
http://www.ncbi.nlm.nih.gov/pubmed/18280118
http://dx.doi.org/10.1002/1521-3935(20010301)202:5&lt;750::AID-MACP750&gt;3.0.CO;2-8
http://dx.doi.org/10.3144/expresspolymlett.2011.83


Materials 2020, 13, 3343 24 of 29

46. Fundueanu, G.; Constantin, M.; Bucatariu, S.; Ascenzi, P. Poly (N-isopropylacrylamide-co-N-vinylpyrrolidone)
thermoresponsive microspheres: The low drug loading ensures the pulsatile release mechanism. Express Polym. Lett.
2020, 14, 63–76. [CrossRef]

47. Kwon, S.S.; Kong, B.J.; Park, S.N. Physicochemical properties of pH-sensitive hydrogels based on hydroxyethyl
cellulose–hyaluronic acid and for applications as transdermal delivery systems for skin lesions. Eur. J. Pharm.
Biopharm. 2015, 92, 146–154. [CrossRef]

48. Fundueanu, G.; Constantin, M.; Asmarandei, I.; Harabagiu, V.; Ascenzi, P.; Simionescu, B.C.
The thermosensitivity of pH/thermoresponsive microspheres activated by the electrostatic interaction
of pH-sensitive units with a bioactive compound. J. Biomed. Mater. Res. A 2013, 101, 1661–1669. [CrossRef]

49. Yoo, M.K.; Sung, Y.K.; Lee, Y.M.; Cho, C.S. Effect of polyelectrolyte on the lower critical solution temperature
of poly (Nisopropylacrylamide) in the poly (NIPAAm-co-acrylic acid) hydrogel. Polymer 2000, 41, 5713–5719.
[CrossRef]

50. Salgado-Rodríguez, R.; Licea-Claveríe, A.; Arndt, K.F. Random copolymers of N-isopropylacrylamide and
methacrylic acid monomers with hydrophobic spacers: pH-tunable temperature sensitive materials. Eur.
Polym. J. 2004, 40, 1931–1946. [CrossRef]

51. Fundueanu, G.; Constantin, M.; Bucatariu, S.; Ascenzi, P. pH/thermo-responsive poly (N-isopropylacrylamide-co-maleic
acid) drug delivery system with a sensor and an actuator. Polymer 2017, 110, 177–186. [CrossRef]

52. Miyata, K.; Christie, R.J.; Kataoka, K. Polymeric micelles for nano-scale drug delivery. React. Funct. Polym.
2011, 71, 227–234. [CrossRef]

53. Kim, T.I.; Kim, S.W. Bioreducible polymers for gene delivery. React. Funct. Polym. 2011, 71, 344–349.
[CrossRef] [PubMed]

54. Colfen, H. Double-Hydrophilic block copolymers: Synthesis and application as novel surfactants and crystal
growth modifiers. Macromol. Rapid Commun. 2001, 22, 219–252. [CrossRef]

55. Nakashima, K.; Bahadur, P. Aggregation of water-soluble block copolymers in aqueous solutions: Recent
trends. Adv. Colloid Interface Sci. 2006, 123, 75–96. [CrossRef] [PubMed]

56. Nakayama, M.; Okano, T. Multi-Targeting cancer chemotherapy using temperature-responsive drug carrier
systems. React. Funct. Polym. 2011, 71, 235–244. [CrossRef]

57. Isoda, K.; Kanayama, N.; Miyamoto, D.; Takarada, T.; Maeda, M. RAFT-Generated poly
(N-isopropylacrylamide)-DNA block copolymers for temperature-responsive formation of polymer micelles.
React. Funct. Polym. 2011, 71, 367–371. [CrossRef]

58. Zhang, J.X.; Qiu, L.Y.; Zhu, K.J.; Jin, Y. Thermosensitive micelles self-assembled by novel N-isopropylacrylamide
oligomer grafted polyphosphazene. Macromol. Rapid Commun. 2004, 25, 1563–1567. [CrossRef]

59. Zhang, J.X.; Qiu, L.Y.; Jin, Y.; Zhu, J.Y. Physicochemical characterization of polymeric micelles constructed
from novel amphiphilic polyphosphazenewith poly (N-isopropylacrylamide) and ethyl 4-aminobenzoate as
side groups. Colloids Surf. B Biointerfaces 2005, 43, 123–130. [CrossRef]

60. Sen, G.; Sharon, A.; Pal, S. Grafted polysaccharides: Smart materials of the future, their synthesis and
applications. In Biopolymers: Biomedical and Environmental Applications; Kalia, S., Averious, L., Eds.; John
Wiley & Sons: Austin, TX, USA, 2011; pp. 99–128.

61. Constantin, M.; Bucatariu, S.; Stoica, I.; Fundueanu, G. Smart nanoparticles based onpullulan-g-poly
(N-isopropylacrylamide) for controlled delivery of indomethacin. Int. J. Biol. Macromol. 2017, 94, 698–708.
[CrossRef]

62. Constantin, M.; Bucatariu, S.M.; Doroftei, F.; Fundueanu, G. Smart composite materials based on chitosan
microspheres embedded in thermosensitive hydrogel for controlled delivery of drugs. Carbohydr. Polym.
2017, 157, 493–502. [CrossRef] [PubMed]

63. Ahmadi, F.; Oveisi, Z.; Mohammadi Samani, S.; Amoozgar, Z. Chitosan based hydrogels: Characteristics and
pharmaceutical applications. Res. Pharm. Sci. 2015, 10, 1–16. [PubMed]

64. del Valle, L.J.; Dıaz, A.; Puiggali, J. Hydrogels for biomedical applications: Cellulose, chitosan, and
protein/peptide derivatives. Gels 2017, 3, 27. [CrossRef]

65. Barcan, G.A.; Zhang, X.; Waymouth, R.M. Structurally dynamic hydrogels derived from 1,2-dithiolanes.
J. Am. Chem. Soc. 2015, 137, 5650–5653. [CrossRef]

66. Deng, G.; Tang, C.; Li, F.; Jiang, H.; Chen, Y. Covalent cross-linked polymer gels with reversible sol-gel
transition and self-healing properties. Macromolecules 2010, 43, 1191–1194. [CrossRef]

http://dx.doi.org/10.3144/expresspolymlett.2020.6
http://dx.doi.org/10.1016/j.ejpb.2015.02.025
http://dx.doi.org/10.1002/jbm.a.34469
http://dx.doi.org/10.1016/S0032-3861(99)00779-X
http://dx.doi.org/10.1016/j.eurpolymj.2004.03.017
http://dx.doi.org/10.1016/j.polymer.2017.01.003
http://dx.doi.org/10.1016/j.reactfunctpolym.2010.10.009
http://dx.doi.org/10.1016/j.reactfunctpolym.2010.11.016
http://www.ncbi.nlm.nih.gov/pubmed/21516195
http://dx.doi.org/10.1002/1521-3927(20010201)22:4&lt;219::AID-MARC219&gt;3.0.CO;2-G
http://dx.doi.org/10.1016/j.cis.2006.05.016
http://www.ncbi.nlm.nih.gov/pubmed/16860770
http://dx.doi.org/10.1016/j.reactfunctpolym.2010.08.006
http://dx.doi.org/10.1016/j.reactfunctpolym.2010.11.020
http://dx.doi.org/10.1002/marc.200400180
http://dx.doi.org/10.1016/j.colsurfb.2005.03.012
http://dx.doi.org/10.1016/j.ijbiomac.2016.10.064
http://dx.doi.org/10.1016/j.carbpol.2016.10.022
http://www.ncbi.nlm.nih.gov/pubmed/27987954
http://www.ncbi.nlm.nih.gov/pubmed/26430453
http://dx.doi.org/10.3390/gels3030027
http://dx.doi.org/10.1021/jacs.5b02161
http://dx.doi.org/10.1021/ma9022197


Materials 2020, 13, 3343 25 of 29

67. Brooks, W.L.A.; Sumerlin, B.S. Synthesis and applications of boronic acid-containing polymers: From
materials to medicine. Chem. Rev. 2016, 116, 1375–1397. [CrossRef] [PubMed]

68. Zhang, Y.; Tao, L.; Li, S.; Wei, Y. Synthesis of multiresponsive and dynamic chitosan-based hydrogels for
controlled release of bioactive molecules. Biomacromolecules 2011, 12, 2894–2901. [CrossRef]

69. Casuso, P.; Odriozol, I.; Pérez-San Vicente, A.; Loinaz, I.; Cabañero, G.; Grande, H.J.; Dupin, D. Injectable and
self-healing dynamic hydrogels based on metal(I)-thiolate/disulfide exchange as biomaterials with tunable
mechanical properties. Biomacromolecules 2015, 16, 3552–3561. [CrossRef]

70. Roy, N.; Bruchmannb, B.; Lehn, J.M. Dynamers: Dynamic polymers as self-healing materials. Chem. Soc. Rev.
2015, 44, 3786–3807. [CrossRef]

71. Marin, L.; Bejan, A.; Ailincai, D.; Belei, D. Poly(azomethine-phenothiazine)s with efficient emission in solid
state. Eur. Polym. J. 2017, 95, 127–137. [CrossRef]

72. Fisher, H.F.; Viswanathan, T.S. Carbonyl oxygen exchange evidence ofimine formation in the glutamate
dehydrogenase reaction and identification of the occult role of NADPH. Proc. Natl. Acad. Sci. USA 1984, 81,
2747–2751. [CrossRef] [PubMed]

73. Perez, D.M.; Karnik, S.S. Multiple signalling states of G-protein-coupled receptors. Pharmacol. Rev. 2005, 57,
147–161. [CrossRef] [PubMed]

74. Qin, W.; Long, S.; Panunzio, M.; Biondi, S. Schiff bases: A short survey on an evergreen chemistry tool.
Molecules 2013, 18, 12264–12289. [CrossRef] [PubMed]

75. Mi, F.L.; Kuan, C.Y.; Shyu, S.S.; Lee, S.T.; Chang, S.F. Study of gelation kinetics and chain-relaxation properties
of glutaraldehyde-cross-linked chitosan gel and their effects on microspheres preparation and drug release.
Carbohydr. Polym. 2000, 41, 389–396. [CrossRef]

76. Beauchamp, R.O.; St Clair, M.B.; Fennell, T.R.; Clarke, D.O.; Morgan, K.T. A critical review of the toxicology
of glutaraldehyde. Crit. Rev. Toxicol. 1992, 22, 143–174. [CrossRef]

77. Berger, J.; Reist, M.; Mayer, J.M.; Felt, O.; Peppas, N.A.; Gurny, R. Structure and interactions in covalently
and ionically crosslinked chitosan hydrogels for biomedical applications. Eur. J. Pharm. Biopharm. 2004, 57,
19–34. [CrossRef]

78. Ailincai, D.; Marin, L.; Morariu, S.; Mares, M.; Bostanaru, A.C.; Pinteala, M.; Simionescu, B.C.; Barboiu, M. Dual
crosslinked iminoboronate-chitosan hydrogels with strong antifungal activity against Candida planktonic
yeasts and biofilms. Carbohydr. Polym. 2016, 152, 306–316. [CrossRef]

79. Iftime, M.M.; Morariu, S.; Marin, L. Salicyl-Imine-Chitosan hydrogels: Supramolecular architecturing as a
crosslinking method toward multifunctional hydrogels. Carbohydr. Polym. 2017, 165, 39–50. [CrossRef]

80. Marin, L.; Ailincai, D.; Morariu, S.; Tartau-Mititelu, L. Development of biocompatible glycodynameric
hydrogels joining two natural motifs by dynamic constitutional chemistry. Carbohydr. Polym. 2017, 170,
60–71. [CrossRef]

81. Ruff, Y.; Buhler, E.; Candau, S.J.; Kesselman, E.; Talmon, Y.; Lehn, J.M. Glycodynamers: Dynamic polymers
bearing oligosaccharides residues-Generation, structure, physicochemical, component exchange, and lectin
binding properties. J. Am. Chem. Soc. 2010, 132, 2573–2584. [CrossRef]

82. Pasa, S.; Aydın, S.; Kalayci, S.; Boga, M.; Atlan, M.; Bingul, M.; Sahin, F.; Temel, H. The synthesis of
boronic-imine structured compounds and identification of their anticancer, antimicrobial and antioxidant
activities. J. Pharm. Anal. 2016, 6, 39–48. [CrossRef] [PubMed]

83. Bandyopadhyay, A.; McCarthy, K.A.; Kelly, M.A.; Gao, J. Targeting bacteria via iminoboronate chemistry of
amine-presenting lipids. Nat. Commun. 2015, 6, 6561. [CrossRef] [PubMed]

84. Ailincai, D.; Pamfil, D.; Marin, L. Multiple bio-responsive polymer dispersed liquid crystal composites for
sensing applications. J. Mol. Liq. 2018, 272, 572–582. [CrossRef]

85. Ailincai, D.; Farcau, C.; Paslaru, E.; Marin, L. PDLC composites based on polyvinyl boric acid matrix–a
promising pathway towards biomedical engineering. Liq. Cryst. 2016, 43, 1973–1985. [CrossRef]

86. Kim, J.H.; Campbell, B.C.; Mahoney, N.; Chan, K.L.; Molyneux, R.J. Chemosensitization of aflatoxigenic
fungi to antimycin a and strobilurin using salicylaldehyde, a volatile natural compound targeting cellular
antioxidation system. Mycopathologia 2011, 171, 291–298. [CrossRef] [PubMed]

87. Adams, T.B.; Cohen, S.M.; Doull, J.; Feron, V.; Goodman, J.I.; Marnett, L.J.; Munro, I.C.; Portoghese, P.S.;
Smith, R.L.; Waddell, W.J.; et al. The FEMA GRAS assessment of hydroxy- and alkoxy-substituted
benzylderivatives used as flavor ingredients. Food Chem. Toxicol. 2005, 43, 1241–1271. [CrossRef] [PubMed]

88. Salicylaldehyde. Food Cosmet. Toxicol. 1979, 17, 903–905. [CrossRef]

http://dx.doi.org/10.1021/acs.chemrev.5b00300
http://www.ncbi.nlm.nih.gov/pubmed/26367140
http://dx.doi.org/10.1021/bm200423f
http://dx.doi.org/10.1021/acs.biomac.5b00980
http://dx.doi.org/10.1039/C5CS00194C
http://dx.doi.org/10.1016/j.eurpolymj.2017.08.006
http://dx.doi.org/10.1073/pnas.81.9.2747
http://www.ncbi.nlm.nih.gov/pubmed/6144102
http://dx.doi.org/10.1124/pr.57.2.2
http://www.ncbi.nlm.nih.gov/pubmed/15914464
http://dx.doi.org/10.3390/molecules181012264
http://www.ncbi.nlm.nih.gov/pubmed/24108395
http://dx.doi.org/10.1016/S0144-8617(99)00104-6
http://dx.doi.org/10.3109/10408449209145322
http://dx.doi.org/10.1016/S0939-6411(03)00161-9
http://dx.doi.org/10.1016/j.carbpol.2016.07.007
http://dx.doi.org/10.1016/j.carbpol.2017.02.027
http://dx.doi.org/10.1016/j.carbpol.2017.04.055
http://dx.doi.org/10.1021/ja9082733
http://dx.doi.org/10.1016/j.jpha.2015.11.003
http://www.ncbi.nlm.nih.gov/pubmed/29403961
http://dx.doi.org/10.1038/ncomms7561
http://www.ncbi.nlm.nih.gov/pubmed/25761996
http://dx.doi.org/10.1016/j.molliq.2018.09.125
http://dx.doi.org/10.1080/02678292.2016.1172353
http://dx.doi.org/10.1007/s11046-010-9356-8
http://www.ncbi.nlm.nih.gov/pubmed/20803256
http://dx.doi.org/10.1016/j.fct.2004.12.018
http://www.ncbi.nlm.nih.gov/pubmed/15950816
http://dx.doi.org/10.1016/S0015-6264(79)80092-9


Materials 2020, 13, 3343 26 of 29

89. Hong, S.C.; Yoo, S.Y.; Kim, H.; Lee, J. Chitosan-Based multifunctional platforms for local delivery of
therapeutics. Mar. Drugs 2017, 15, 60. [CrossRef]

90. Sedghi, R.; Shaabani, A.; Mohammadi, Z.; Samadi, Z.Y.; Isae, F. Biocompatible electrospinning chitosan
nanofibers: A novel delivery system with superior local cancer therapy. Carbohydr. Polym. 2017, 159, 1–10.
[CrossRef] [PubMed]

91. Olaru, A.M.; Marin, L.; Morariu, S.; Pricope, G.; Pinteala, M.; Tartau-Mititelu, L. Biocompatible chitosan
based hydrogels for potential application in local tumour therapy. Carbohydr. Polym. 2018, 179, 59–70.
[CrossRef]

92. Montembault, A.; Viton, C.; Domard, A. Rheometric study of the gelation of chitosan in aqueous solution
without cross-linking agent. Biomacromolecules 2005, 6, 653–662. [CrossRef] [PubMed]

93. Zhang, X.; Lin, Y.; Gillies, R.J. Tumor pH and its measurement. J. Nucl. Med. 2010, 51, 1167–1170. [CrossRef]
[PubMed]

94. Luo, H.; Sui, Y.; Lin, W.H.; Wu, H.Q. Study on the antiproliferative activity of four Schiff bases derived from
natural biomass dehydroabietylamine. Indian J. Chem. 2016, 55B, 248–251.

95. Zahedifard, M.; Faraj, F.L.; Paydar, M.; Looi, C.Y.; Hajrezaei, M.; Hasanpourghadi, M.; Kamalidehghan, B.;
Majid, N.A.; Ali, H.M.; Ameen, M. Synthesis, characterization and apoptotic activity of quinazolinone Schiff
base derivatives toward MCF-7 cells via intrinsic and extrinsic apoptosis pathways. Sci. Rep. 2015, 5, 11544.
[CrossRef]

96. Craciun, A.M.; Mititelu-Tartau, L.; Pinteala, M.; Marin, L. Nitrosalicyl-imine-chitosan hydrogels based drug
delivery systems for long term sustained release in local therapy. J. Colloid Interface Sci. 2019, 536, 196–207.
[CrossRef]

97. Williams, B.S.; Buvanendran, A. Nonopioid analgesics: NSAIDs, COX-2 inhibitors, and acetaminophen.
In Essentials of Pain Medicine, 3rd ed.; Benzon, H., Fishman, S., Raja, S., Cohen, S., Liu, S., Eds.; Saunders:
Philadelphia, PA, USA, 2011; pp. 130–139.

98. Craciun, A.M.; Barhalescu, M.L.; Agop, M.; Ochiuz, L. Theoretical modeling of long-time drug release from
nitrosalicyl-imine-chitosan hydrogels through multifractal logistic type laws. Comput. Math. Methods Med.
2019, 2019, 4091464. [CrossRef]

99. Craciun, A.M. Cinnamyl-imine-chitosan hydrogels. Morphology control. Acta Chem. Iasi 2018, 26, 221–232.
[CrossRef]

100. Ailincai, D.; Tartau-Mititelu, L.; Marin, L. Drug delivery systems based on biocompatible imino-chitosan
hydrogels for local anticancer therapy. Drug Deliv. 2018, 25, 1080–1090. [CrossRef]

101. Craciun, A.M.; Serban, G.; Crumpei, I.; Agop, M.; Cioca, G. Operational procedures in the theory of the drug
release from chitosan hydrogels. Mater. Plast. 2018, 55, 590–594. [CrossRef]

102. Yin, H.; Kanasty, R.L.; Eltoukhy, A.A.; Vegas, A.J.; Dorkin, J.R.; Anderson, D.G. Nonviral vectors for
gene-based therapy. Nat. Rev. Genet. 2014, 15, 541–555. [CrossRef]

103. O’Connor, D.M.; Boulis, N.M. Gene therapy for neurodegenerative diseases. Trends Mol. Med. 2015, 21,
504–512. [CrossRef] [PubMed]

104. Somia, N.; Verm, I.M. Gene therapy: Trials and tribulations. Nat. Rev. Genet. 2000, 1, 91–99. [CrossRef]
[PubMed]

105. Rusu, R.D.; Clima, L.; Pinteala, M. Dendritic architectures as non-viral gene delivery vectors: Challenges and
perspectives. Rev. Roum. Chim. 2018, 63, 581–592.

106. Yang, J.; Zhang, Q.; Chang, H.; Cheng, Y. Surface-engineered dendrimers in gene delivery. Chem. Rev. 2015,
115, 5274–5300. [CrossRef] [PubMed]

107. Tschiche, A.; Malhotra, S.; Haag, R. Nonviral gene delivery with dendritic self-assembling architectures.
Nanomedicine 2014, 9, 667–693. [CrossRef]

108. Ailincai, D.; Peptanariu, D.; Pinteala, M.; Marin, L. Dynamic constitutional chemistry towards efficient
nonviral vectors. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 94, 635–646. [CrossRef]

109. Ardeleanu, R.; Dascalu, A.; Neamtu, A.; Peptanariu, D.; Uritu, C.M.; Maier, S.; Nicolescu, A.; Simionescu, B.C.;
Barboiu, M.; Pinteala, M. Multivalent polyrotaxane vectors as adaptive cargo complexes for gene therapy.
Polym. Chem. 2017, 9, 845–859. [CrossRef]

110. Vasiliu, T.; Cojocaru, C.; Rotaru, A.; Pricope, G.; Pinteala, M.; Clima, L. Optimization of polyplex formation
between DNA oligonucleotide and poly(L-lysine): Experimental study and modeling approach. Int. J.
Mol. Sci. 2017, 18, 1291. [CrossRef]

http://dx.doi.org/10.3390/md15030060
http://dx.doi.org/10.1016/j.carbpol.2016.12.011
http://www.ncbi.nlm.nih.gov/pubmed/28038737
http://dx.doi.org/10.1016/j.carbpol.2017.09.066
http://dx.doi.org/10.1021/bm049593m
http://www.ncbi.nlm.nih.gov/pubmed/15762626
http://dx.doi.org/10.2967/jnumed.109.068981
http://www.ncbi.nlm.nih.gov/pubmed/20660380
http://dx.doi.org/10.1038/srep11544
http://dx.doi.org/10.1016/j.jcis.2018.10.048
http://dx.doi.org/10.1155/2019/4091464
http://dx.doi.org/10.2478/achi-2018-0014
http://dx.doi.org/10.1080/10717544.2018.1466937
http://dx.doi.org/10.37358/MP.18.4.5080
http://dx.doi.org/10.1038/nrg3763
http://dx.doi.org/10.1016/j.molmed.2015.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26122838
http://dx.doi.org/10.1038/35038533
http://www.ncbi.nlm.nih.gov/pubmed/11253666
http://dx.doi.org/10.1021/cr500542t
http://www.ncbi.nlm.nih.gov/pubmed/25944558
http://dx.doi.org/10.2217/nnm.14.32
http://dx.doi.org/10.1016/j.msec.2018.10.002
http://dx.doi.org/10.1039/C7PY01256J
http://dx.doi.org/10.3390/ijms18061291


Materials 2020, 13, 3343 27 of 29

111. Yanan, Y. How Free Cationic Polymer Chains Promote Gene Transfection; Springer International Publishing:
Cham, Switzerland, 2013; pp. 15–89.

112. Simionescu, B.C.; Drobota, M.; Timpu, D.; Vasiliu, T.; Constantinescu, C.A.; Rebleanu, D.; Calin, M.; David, G.
Biopolymers/poly(ε-caprolactone)/polyethylenimine functionalized nano-hydroxyapatite hybrid cryogel:
Synthesis, characterization and application in gene delivery. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 81,
167–176. [CrossRef]

113. Mintzer, M.A.; Simanek, E.E. Nonviral vectors for gene delivery. Chem. Rev. 2009, 109, 259–302. [CrossRef]
114. Uritu, C.M.; Varganici, D.C.; Ursu, L.; Coroaba, A.; Nicolescu, A.; Dascalu, A.I.; Peptanariu, D.; Stan, D.;

Constantinescu, C.A.; Simion, V.; et al. Hybrid fullerene conjugates as vectors for DNA cell-delivery. J. Mater.
Chem. B 2015, 3, 2433–2446. [CrossRef] [PubMed]

115. Godbey, W.T.; Wu, K.K.; Mikos, A.G. Tracking the intracellular path of poly(ethylenimine)/DNA complexes
for gene delivery. Proc. Natl. Acad. Sci. USA 1999, 96, 5177–5181. [CrossRef] [PubMed]

116. Ketola, T.M.; Hanzlíková, M.; Utti, A.; Lemmetyinen, H.; Yliperttula, M.; Vuorimaa-Laukkanen, E. Role
of polyplex intermediate species on gene transfer efficiency: Polyethylenimine-DNA complexes and
time-resolved fluorescence spectroscopy. J. Phys. Chem. B 2013, 117, 10405–10413. [CrossRef] [PubMed]

117. Arima, H.; Motoyama, K.; Higashi, T. Sugar-appended polyamidoamine dendrimer conjugates with
cyclodextrins as cell-specific non-viral vectors. Adv. Drug Deliv. Rev. 2013, 65, 1204–1214. [CrossRef]

118. Voicu, G.; Rebleanu, D.; Constantinescu, C.A.; Fuior, E.A.; Ciortan, L.; Droc, I.; Uritu, C.M.; Pinteala, M.;
Manduteanu, I.; Simionescu, M.; et al. Nano-polyplexes mediated transfection of Runx2-shRNA mitigates
the osteodifferentiation of human valvular interstitial cells. Pharmaceutics 2020, 12, 507. [CrossRef]

119. David, G.; Clima, L.; Calin, M.; Constantinescu, C.A.; Balan-Porcarasu, M.; Uritu, C.M.; Simionescu, B.C.
Squalene/polyethylenimine based non-viral vectors: Synthesis and use in systems for sustained gene release.
Polym. Chem. 2018, 9, 1072–1081. [CrossRef]

120. Craciun, B.F.; Gavril, G.; Peptanariu, D.; Ursu, E.L.; Clima, L.; Pinteala, M. Synergistic effect of low molecular
weight polyethylenimine and polyethylene glycol components in dynamic nonviral vector structure, toxicity,
and transfection efficiency. Molecules 2019, 24, 1460. [CrossRef]

121. Pricope, G.; Pinteala, M.; Clima, L. Dynamic self-organizing systems for DNA delivery. Rev. Roum. Chim.
2018, 63, 613–619.

122. Clima, L.; Craciun, B.F.; Gavril, G.; Pinteala, M. Tunable composition of dynamic non-viral vectors over the
DNA polyplex formation and nucleic acid transfection. Polymers 2019, 11, 1313. [CrossRef]

123. Uritu, C.M.; Calin, M.; Maier, S.S.; Cojocaru, C.; Nicolescu, A.; Peptanariu, D.; Constantinescu, C.A.;
Stan, D.; Barboiu, M.; Pinteala, M. Flexible cyclic siloxane core enhances the transfection efficiency of
polyethylenimine-based non-viral gene vectors. J. Mater. Chem. B 2015, 3, 8250–8267. [CrossRef]

124. Fischer, D.; Bieber, T.; Li, Y.; Elsasser, H.P.; Kissel, T. A novel non-viral vector for DNA delivery based on low
molecular weight, branched polyethylenimine: Effect of molecular weight on transfection efficiency and
cytotoxicity. Pharm. Res. 1999, 16, 1273–1279. [CrossRef]

125. Neuberg, P.; Kichler, A. Recent developments in nucleic acid delivery with polyethylenimines. In Advances
in Genetics; Huang, L., Liu, D., Wagner, E., Eds.; Academic Press: San Diego, CA, USA, 2014; Volume 88,
pp. 263–288.

126. Remant Bahadur, K.C.; Uludag, H. 2-PEI and its derivatives for gene therapy. In Polymers and Nanomaterials
for Gene Therapy; Narain, R., Ed.; Woodhead Publishing: Sawston, UK, 2016; pp. 29–54.

127. Albuquerque, L.J.C.; de Castro, C.E.; Riske, K.A.; Carlan da Silva, M.C.; Muraro, P.I.R.; Schmidt, V.;
Giacomelli, C.; Giacomelli, F.C. Gene transfection mediated by catiomers requires free highly charged
polymer chains to overcome intracellular barriers. Biomacromolecules 2017, 18, 1918–1927. [CrossRef]
[PubMed]

128. Dascalu, A.I.; Ardeleanu, R.; Neamtu, A.; Maier, S.S.; Uritu, C.M.; Nicolescu, A.; Silion, M.; Peptanariu, D.;
Calin, M.; Pinteala, M. Transfection-capable PEGylated-cyclodextrin-containing polycationic nanovectors: A
new synthesis pathway. J. Mater. Chem. B 2017, 5, 7164–7174. [CrossRef] [PubMed]

129. Fierascu, I.; Fierascu, I.C.; Brazdis, R.I.; Baroi, A.M.; Fistos, T.; Fierascu, R.C. Phytosynthesized metallic
nanoparticles-between nanomedicine and toxicology. A brief review of 2019′s findings. Materials 2020,
13, 574. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.msec.2017.07.031
http://dx.doi.org/10.1021/cr800409e
http://dx.doi.org/10.1039/C4TB02040E
http://www.ncbi.nlm.nih.gov/pubmed/32262120
http://dx.doi.org/10.1073/pnas.96.9.5177
http://www.ncbi.nlm.nih.gov/pubmed/10220439
http://dx.doi.org/10.1021/jp404812a
http://www.ncbi.nlm.nih.gov/pubmed/23941196
http://dx.doi.org/10.1016/j.addr.2013.04.001
http://dx.doi.org/10.3390/pharmaceutics12060507
http://dx.doi.org/10.1039/C7PY01720K
http://dx.doi.org/10.3390/molecules24081460
http://dx.doi.org/10.3390/polym11081313
http://dx.doi.org/10.1039/C5TB01342A
http://dx.doi.org/10.1023/A:1014861900478
http://dx.doi.org/10.1021/acs.biomac.7b00344
http://www.ncbi.nlm.nih.gov/pubmed/28453254
http://dx.doi.org/10.1039/C7TB01722G
http://www.ncbi.nlm.nih.gov/pubmed/32263907
http://dx.doi.org/10.3390/ma13030574
http://www.ncbi.nlm.nih.gov/pubmed/31991830


Materials 2020, 13, 3343 28 of 29

130. Uritu, C.M.; Tamba, B.I.; Dodi, G.; Pintela, M.; Ghizdovat, V.; Gutu, M.M.; Stefanescu, C. Design and synthesis
of polymer coated gold nanoparticles, AuPEI-Glc-99mTc, for targeted in vivo imaging. Eur. J. Nucl. Med. Mol.
Imaging 2018, 45, S682–S683.

131. Corciova, A.; Mircea, C.; Burlec, A.F.; Cioanca, O.; Tuchilus, C.; Fifere, A.; Lungoci, A.L.; Marangoci, N.;
Hancianu, M. Antioxidant, antimicrobial and photocatalytic activities of silver nanoparticles obtained by bee
propolis extract assisted biosynthesis. Farmacia 2019, 67, 482–489. [CrossRef]

132. Dascalu, A.; Ignat, L.; Ignat, M.E.; Doroftei, F.; Belhacene, K.; Froidevaux, R.; Pinteala, M. Reusable biocatalyst
by pepsin immobilization on functionalized magnetite nanoparticles. Rev. Roum. Chim. 2018, 63, 685–695.

133. Alexandrica, M.C.; Silion, M.; Timpu, D.; Popa, M.I. A study on the intercalation process of tramadol
hydrochloride in ZnAl-nitrate layered double hydroxides. Rev. Roum. Chim. 2016, 61, 683–688.

134. Kim, K.S.; Lee, D.; Song, C.G.; Kang, P.M. Reactive oxygen species-activated nanomaterials as theranostic
agents. Nanomedicine 2015, 10, 2709–2723. [CrossRef]

135. Fu, S.; Wang, S.; Zhang, X.; Qi, A.; Liu, Z.; Yu, X.; Chen, C.; Li, L. Structural effect of Fe3O4 nanoparticles on
peroxidase-like activity for cancer therapy. Colloids Surf. B Biointerfaces 2017, 154, 239–245. [CrossRef]

136. Turin-Moleavin, I.A.; Fifere, A.; Lungoci, A.L.; Rosca, I.; Coroaba, A.; Peptanariu, D.; Nastasa, V.; Pasca, S.A.;
Bostanaru, A.C.; Mares, M.; et al. In Vitro and in vivo antioxidant activity of the new magnetic-cerium oxide
nanoconjugates. Nanomaterials 2019, 9, 1565. [CrossRef] [PubMed]

137. Charbgoo, F.; Ahmad, M.; Darroudi, M. Cerium oxide nanoparticles: Green synthesis and biological
applications. Int. J. Nanomed. 2017, 12, 1401–1413. [CrossRef] [PubMed]

138. Nguyen, A.; Abdelrasoul, G.; Lin, D.; Maadi, H.; Tong, J.; Chen, G.; Wang, R.; Anwar, A.; Shoute, L.;
Fang, Q.; et al. Polyethylenimine-coated iron oxide magnetic nanoparticles for high efficient gene delivery.
Appl. Nanosci. 2018, 8, 811–821. [CrossRef]

139. Lungoci, A.L.; Turin-Moleavin, I.A.; Corciova, A.; Mircea, C.; Arvinte, A.; Fifere, A.; Marangoci, N.L.;
Pinteala, M. Multifunctional magnetic cargo-complexes with radical scavenging properties. Mater. Sci. Eng.
C Mater. Biol. Appl. 2019, 94, 608–618. [CrossRef] [PubMed]

140. Xia, T.; Li, N.; Fang, X. Single-molecule fluorescence imaging in living cells. Annu. Rev. Phys. Chem. 2013, 64,
459–480. [CrossRef] [PubMed]

141. Stennett, E.M.; Ciuba, M.A.; Levitus, M. Photophysical processes in single molecule organic fluorescent
probes. Chem. Soc. Rev. 2014, 43, 1057–1075. [CrossRef]

142. Vegesna, G.K.; Sripathi, S.R.; Zhang, J.; Zhu, S.; He, W.; Luo, F.T.; Jahng, W.J.; Frost, M.; Liu, H. Highly
water-soluble BODIPY-based fluorescent probe for sensitive and selective detection of nitric oxide in living
cells. ACS Appl. Mater. Interfaces 2013, 5, 4107–4112. [CrossRef]

143. Qin, W.; Ding, D.; Liu, J.; Yuan, W.Z.; Hu, Y.; Liu, B.; Tang, B.Z. Biocompatible nanoparticles with
aggregation-induced emission characteristics as far-red/near-infrared fluorescent bioprobes for in vitro and
in vivo imaging applications. Adv. Funct. Mater. 2012, 22, 771–779. [CrossRef]

144. Ursu, E.L.; Doroftei, F.; Peptanariu, D.; Pinteala, M.; Rotaru, A. DNA-assisted decoration of single-walled
carbon nanotubes with gold nanoparticles for applications in surface enhanced Raman scattering imaging of
cells. J. Nanopart. Res. 2017, 19, 181. [CrossRef]

145. Rotaru, A.; Druta, I.; Oeser, T.; Müller, T.J.J. A novel coupling 1,3-dipolar cycloaddition sequence as
a three-component approach to highly fluorescent indolizines. Helv. Chim. Acta 2005, 88, 1798–1812.
[CrossRef]

146. Danac, R.; Rusu, R.; Rotaru, A.; Pui, A.; Shova, S. New conjugates of calix [4]arenes bearing dipyridine and
indolizine heterocycles. Supramol. Chem. 2012, 24, 424–435. [CrossRef]

147. Marangoci, N.L.; Popovici, L.; Ursu, E.L.; Danac, R.; Clima, L.; Cojocaru, C.; Coroaba, A.; Neamtu, A.;
Mangalagiu, I.; Pinteala, M.; et al. Pyridyl-indolizine derivatives as DNA binders and pH-sensible fluorescent
dyes. Tetrahedron 2016, 72, 8215–8222. [CrossRef]

148. Mizobe, Y.; Tohnai, N.; Miyata, M.; Hasegawa, Y. A tunable solid-state fluorescence system consisting of
organic salts of anthracene-2,6-disulfonic acid with primary amines. Chem. Commun. 2005, 1839–1841.
[CrossRef]

149. Yoshizawa, M.; Klosterman, J.K. Molecular architectures of multi-anthracene assemblies. Chem. Soc. Rev.
2014, 43, 1885–1898. [CrossRef] [PubMed]

150. Kumar, C.V.; Punzalan, E.H.A.; Tan, W.B. Adenine-thymine base pair recognition by an anthryl probe from
the DNA minor groove. Tetrahedron 2000, 56, 7027–7040. [CrossRef]

http://dx.doi.org/10.31925/farmacia.2019.3.16
http://dx.doi.org/10.2217/nnm.15.108
http://dx.doi.org/10.1016/j.colsurfb.2017.03.038
http://dx.doi.org/10.3390/nano9111565
http://www.ncbi.nlm.nih.gov/pubmed/31690040
http://dx.doi.org/10.2147/IJN.S124855
http://www.ncbi.nlm.nih.gov/pubmed/28260887
http://dx.doi.org/10.1007/s13204-018-0775-z
http://dx.doi.org/10.1016/j.msec.2018.10.013
http://www.ncbi.nlm.nih.gov/pubmed/30423746
http://dx.doi.org/10.1146/annurev-physchem-040412-110127
http://www.ncbi.nlm.nih.gov/pubmed/23331306
http://dx.doi.org/10.1039/C3CS60211G
http://dx.doi.org/10.1021/am303247s
http://dx.doi.org/10.1002/adfm.201102191
http://dx.doi.org/10.1007/s11051-017-3876-9
http://dx.doi.org/10.1002/hlca.200590141
http://dx.doi.org/10.1080/10610278.2012.688122
http://dx.doi.org/10.1016/j.tet.2016.10.052
http://dx.doi.org/10.1039/b418241c
http://dx.doi.org/10.1039/C3CS60315F
http://www.ncbi.nlm.nih.gov/pubmed/24169958
http://dx.doi.org/10.1016/S0040-4020(00)00526-3


Materials 2020, 13, 3343 29 of 29

151. Ghosh, S.; Chattoraj, S.; Chattopadhyay, N. Interaction of β-cyclodextrin with nile red in a single live CHO
cell: An initiative towards developing a prospective strategy for excretion of adsorbed drugs from the cell
membrane. Analyst 2014, 139, 5664–5668. [CrossRef]

152. Di Donato, C.; Lavorgna, M.; Fattorusso, R.; Isernia, C.; Isidori, M.; Malgieri, G.; Piscitelli, C.; Russo, C.;
Russo, L.; Iacovino, R. Alpha- and beta-cyclodextrin inclusion complexes with 5-fluorouracil: Characterization
and cytotoxic activity evaluation. Molecules 2016, 21, 1644. [CrossRef] [PubMed]

153. Edetsberger, M.; Knapp, M.; Gaubitzer, E.; Miksch, C.; Gvichiya, K.E.; Kohler, G. Effective staining of tumor
cells by coumarin-6 depends on the stoichiometry of cyclodextrin complex formation. J. Incl. Phenom.
Macrocycl. Chem. 2011, 70, 327–331. [CrossRef]

154. Pricope, G.; Ursu, E.L.; Sardaru, M.; Cojocaru, C.; Clima, L.; Marangoci, N.; Danac, R.; Mangalagiu, I.;
Simionescu, B.C.; Pinteala, M.; et al. Novel cyclodextrin-based pH-sensitive supramolecular host-guest
assembly for staining acidic cellular organelles. Polym. Chem. 2018, 9, 968–975. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/C4AN01114G
http://dx.doi.org/10.3390/molecules21121644
http://www.ncbi.nlm.nih.gov/pubmed/27916966
http://dx.doi.org/10.1007/s10847-010-9894-1
http://dx.doi.org/10.1039/C7PY01668A
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Temperature- and pH-Responsive Systems for Controlled Drug Delivery 
	Glycodynameric Gels for Drug Delivery 
	Polymeric Non-Viral Vectors for Gene Delivery 
	Metallic Nanoconjugates for Biomedical Applications 
	Smart Organic Tools for Biomedical Imaging 
	Conclusions and Future Directions 
	References

