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Abstract: The synthesis of light-responsive nanocarriers (LRNs) with a variety of surface functional
groups and/or ligands has been intensively explored for space-temporal controlled cargo release.
LRNs have been designed on demand for photodynamic-, photothermal-, chemo-, and radiotherapy,
protected delivery of bioactive molecules, such as smart drug delivery systems and for theranostic
duties. LRNs trigger the release of cargo by a light stimulus. The idea of modifying LRNs with
different moieties and ligands search for site-specific cargo delivery imparting stealth effects and/or
eliciting specific cellular interactions to improve the nanosystems’ safety and efficacy. This work
reviews photoresponsive polymeric nanocarriers and photo-stimulation mechanisms, surface chem-
istry to link ligands and characterization of the resultant nanosystems. It summarizes the interesting
biomedical applications of functionalized photo-controlled nanocarriers, highlighting the current
challenges and opportunities of such high-performance photo-triggered delivery systems.

Keywords: functional nanoparticle; photoresponsive nanoparticle; light-responsive drug delivery;
polymer nanocarrier

1. Introduction

Particular interest has emerged in designing and synthesizing smart nanocarriers
that respond to specific stimuli. Among them, LRNs offer outstanding opportunities for
controlled drug delivery in the frontier of physic, chemistry, biology, and converging
engineering fields [1,2]. Such smart nanocarriers can be functionalized with different
moieties and/or ligands at the outermost surface (or inner structure) to impart stealth
effect and/or elicit specific cellular interactions to improve the safety and efficacy of the
resultant nanosystems [3,4].

Drug delivery systems triggered by external stimuli allow precise control over the
timing, dosage, and drug release location from the physician or the patient. Many external
stimuli such as light, ultrasound, electricity, and magnetic signals have been investigated [2].
Nevertheless, light is a particularly appealing choice due to its easiness of control and
manipulation and the long successful history of applying light to trigger a therapy. Along
with high biocompatibility, the possibility of spatiotemporal control of therapeutic agents
and convenience, LRNs enjoy other remarkable features like their release profiles can be
regulated by adjusting light wavelength, power intensity, duration of exposure, and beam
diameter [5]. A broad range of stimuli-responsive nanocarriers with diverse sizes, shapes,
and surface properties have been designed in this context [1,5]. They include liposomes,
polymer nanoparticles, micelles, dendrimers, and inorganic nanoparticles made of iron
oxide, quantum dots, gold, or metal oxide frameworks [6]. The carriers’ size is typically
small, from a few tenths to a few hundred nanometers and the shape, composition, and
surface chemistry can be tailored on-demand to achieve the desired LRNs [7].

Polymer nanoparticles can be loaded with active compounds entrapped within the
core or adsorbed/linked onto the polymeric surface [8]. The advantages of polymer
nanoparticles as active principle delivery systems over other particular systems include
high drug encapsulation efficiency, intracellular uptake, stability of encapsulated active
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substances, biocompatibility and biodegradability with tissue and cells, especially when
prepared from biopolymers [9,10]. The polymeric nanocarriers can be nanocapsules,
composed of an oily core in which the drug is usually dissolved, dispersed, or embedded,
surrounded by a polymeric shell that controls the release profile; and nanospheres, based
on a continuous polymeric network in which the drug can be retained inside or adsorbed
onto their surface [11,12].

The light source for LRNs can vary from ultraviolet (UV) (200–400 nm), visible (Vis)
(400–700 nm), and near-infrared (NIR) (700–1000 nm) [6]. The controlled drug release can
be achieved through photo-isomerization, e.g., azobenzene and spiropyran (SP), photo-
cleavage, e.g., coumarin-based groups, photo-crosslinking, and photoinduced rearrange-
ment mechanisms, e.g., coumarin and cinnamoyl [13]. These features, along with other
materials’ physical and chemical properties, ranging from wettability, degradability, and
electrostatics to permeability and mechanical resistance, have made these LRNs have a
wide range of practical applications [14,15].

Despite the multiple applications of LRNs at the biomedical level, the modification of
surfaces with specific targeting ligands is often necessary to reduce toxicity and increase
stability and bioavailability [3]. Functionalization of nanoparticles (NPs) is the process of
changing their surface chemistry by grafting chemical functional groups or molecules to
achieve new capabilities, characteristics, properties, or functions [4,16]. Chemical modi-
fication of the LRNs surface is a step-by-step process that requires physicochemical and
functional characterization for each step. NPs have mainly been functionalized with
thiols, disulfides, amines, nitriles, carboxylic acids, carbonyls, sulfhydryls, azides, hy-
droxyls, phosphines, and biomolecules [17]. Surface modification can be achieved by
non-covalent strategies based on weak hydrogen bond, electrostatic, ionic, van der Walls
and hydrophobic interactions, absorption, entrapment, and layer-by-layer approaches,
etc. [18–20]. Non-covalent interactions have the advantage of being relatively simple and
do not affect either the molecules’ structure or their interaction with biological targets
but can be easily influenced by different variables, such as pH and ionic strength [21]. In
contrast, covalent interactions directly bind the molecule of interest to the NP’s reactive
moieties. This approach involves a linkage reaction aided by a catalyst and is the choice
over physical adsorption when long-term stability is required [16].

This review provides an overview of current advances in LRN drug delivery systems
(Figure 1). It summarizes different light-responsive mechanisms, including photocleav-
age, photoisomerization, and photo cross-linking/-decross-linking. It discusses NIR for
nanoscale drug delivery systems, focusing on the chemical aspects and practical examples
of the functionalization process. The challenges and future perspectives of developing
LRNs in controlled drug delivery applications are also assessed.
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2. Photoresponsive Polymeric Nanocarriers
2.1. Photo-Stimulation Mechanisms (Cleavage, Isomerization, Cross/Decross-Linking)

Owing to their non-invasiveness and the possibility of remote spatiotemporal control,
a large variety of photoresponsive systems have been engineered in the past few years
to achieve on-demand drug release in response to illumination at a specific wavelength
in the UV, visible, or NIR regions of the electromagnetic spectrum [22,23]. Photoactivat-
able protecting groups include photoremovable, photoreleasable, or photocleavable [24],
which must exhibit some characteristics. Sufficient absorption of the irradiated light that
must either not be absorbed by other molecules or not trigger unwanted photochemical
transformations in the system of interest. It should release protected species within a
time frame compatible with the application and be soluble and stable in the targeted
medium/environment (an aqueous solution in typical biological/medical applications).
It should not produce reactive or toxic side-products upon irradiation and be detectable
in the medium, for example, by light emission [25]. Additionally, photoresponse mech-
anisms are typically photoinduced and depend upon the type of photosensitive moiety
and the constituents’ polymer interaction nature, thereby responding to light reversibly
or irreversibly. Photoresponsive mechanisms can be generally classified in photocleavage,
photoisomerization, and photocross-linking/-decross-linking [23]. In Figure 2, there are
some examples of photoresponsive molecules for phototriggered targeting.
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Figure 2. Photoresponsive molecules for phototriggered drug release.

2.2. Photocleavage

Polymers that respond to light irreversibly are primarily via photocleavage of photo-
labile groups incorporated in their structure or through irreversible photo-cross-linking.
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The o-nitrobenzyl (ONB) group is one of the most useful photolabile moieties for pho-
toresponsive polymeric systems used for biomedical purposes [1–3]. The mechanism of
photolysis of ONB derivatives has been suggested to involve a rearrangement reaction to
form an acinitro intermediate, which cleaves the carbon-heteroatom bond at the benzylic
position to generate a nitrosophenyl carbonyl compound (aldehyde or ketone) and a leav-
ing group such as an alcohol, amine, or carboxylic acid [26]. Four types of photocleavage
can be distinguished.

Self-immolate polymers (SIPs) with photocleavable terminal groups, produced through
a polymerization reaction of the appropriate monomer to cap the polymer’s terminal head-
group with a specific protecting group leading to a polymer with a trigger. The protecting
group’s selective cleavage would then initiate the sequential polymer fragmentation into
the original building blocks from head to tail. Therefore, the appropriate selection of the
trigger would allow the design of many different responsive materials [27].

Light-degradable polymers with photocleavable side chains. Photocleavable species
are conjugated to the polymer side chains as protecting groups of nucleophiles, such as
alcohols, thiols, and amines. Upon light irradiation, the light-responsive units’ photocleav-
age leads to the deprotection of these functional groups, which can initiate a consecutive
degradation of polymer main chains and release the polymer nanoparticles’ payload [26].

Light-induced hydrophobic to hydrophilic transition of polymers with photocleav-
able side chains, after removing photoresponsive protecting groups, the light-triggered
polymers’ hydrophobicity changes undergo hydrophobic-to-hydrophilic transitions [6,14].
These hydrophobicity changes lead to nanoparticle degradation, followed by the payload
drug release [5].

SIPs with multiphotocleavable linkers. By incorporating multiple photocleavable
units into polymer main chains, the polymer chain responds to UV-light irradiation and
then degrades at each junction point. The more photocleavable groups a polymer chain
contains, the more thoroughly the polymer decomposes [27].

2.3. Photoisomerization

The most widely cited examples of phototriggered isomerization are based on azoben-
zenes, which switch from the thermodynamically favored trans-conformation to the bent
cis-conformation upon irradiation with UV light. Azobenzene contains an azo and an
aryl group, with cis and trans isomers. It shows a significant π-π transition in the UV
region and a faint π-π transition in the visible region. Therefore, upon irradiation to
UV light, the trans structure of azobenzene changes into the cis structure. Additionally,
azobenzene can reverse from the cis to the trans structure [28]. Azobenzenes are the most
widely used groups because they are of easy synthesis, relatively high photostationary
states and quantum yields, fast photoisomerization, and a low rate of photobleaching [29].
SP is another well-known photochromic switch with a hydrophobic cis moiety able to
isomerize to hydrophilic trans conformation, merocyanine (MC), under UV irradiation
via intramolecular carbon-oxygen bond breakage. SP can show a light-driven change
in fluorescence properties from ring open to closed-form reversibly. Ring closed form is
colorless SP and ring open form is colored MC. The SP and MC forms of different physical
and chemical properties [22] are sensitive to, e.g., UV light (365 nm) and visible light
(550 nm), respectively.

2.4. Photocross-Linking-Decross-Linking

Light-induced reversible dimerization describes the process in which two previously
unbound molecules are covalently coupled to each other reversibly. Some compounds
have been reported to have such reversible dimerization properties, e.g., cinnamylidene ac-
etate [30], nitrocinnamate [31], and anthracene [32]. However, cinnamic acid and coumarin
derivatives are the most frequently employed molecules that can undergo reversible pho-
todimerization. The decross-linking process occurs spontaneously when the nanocarriers
are irradiated with a shorter wavelength light (higher energy photons). Despite many
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reports on light-sensitive nanosystems, the superficial penetration depth (<200 mm) caused
by the strong scattering of soft tissues has restricted the UV-based systems for in vivo
applications. Moreover, even in in vitro applications, the UV light causes genetic damage
to the cells [22].

2.5. NIR Light

An alternative to circumvent UV light stimulated systems limitations might be the
NIR irradiation (700–900 nm), which can penetrate more deeply into soft tissues without
causing damage in the area of application [23,33,34]. Currently, the capability of plasmonic
NPs to transduce the absorbed NIR light into heat has been adopted to trigger the release of
drug molecules. Moreover, it was reported that a photothermal effect of Au nanorods upon
NIR irradiation could cause a fast increase of local temperature, which can be exploited to
induce denaturation of DNA helices attached to the nanocarriers and thereby release drug
molecules bound to consecutive cytosine-guanine base pairs [1,35].

3. Common Ligands Involved in Active Targeting

The cellular transport/uptake of NPs is highly dependent on their intrinsic proper-
ties such as size, shape, morphology, and extrinsic ones from surface modifications [20].
For example, the hydrophobic character of Nps can reduce the circulation time in vivo
because of opsonization, i.e., small molecules called opsonins adsorbed onto the surface
of NPs favors phagocytosis [17]. Besides, the surface charge could impact their uptake;
i.e., positively charged NPs induce higher complement activation than negatively and
neutrally charged NPs [10,15]. Therefore, it is desirable to synthesize NPs directly from
block polymers having both hydrophobic and hydrophilic fragments and neutral pending
moieties to increase hydrophobic drug loading while prolonging the particles’ circulation
time [9,36,37].

The modulation of cell-extracellular matrix binding controls the cell life in complex
tissues. Cells respond to micro-and nano-features with different chemistries and topogra-
phies, changing cell alignment, polarization, elongation, migration, proliferation, and gene
expression [38]. The cells express many molecules in their membrane, fundamental for an
active targeting with NPs conjugated to a targeting moiety that can bind on purpose to the
surface of specific cell types [39]. Therefore, developing synthetic materials and techno-
logical strategies that enable adequate cell stimulus mimicking is a promising alternative
for drug delivery. They include physical artificial scaffolds to mimic naturally appearing
complex structures or micro and nanostructures to stress the cell cytoskeleton or modulate
substrate stiffness; and proteins and growth factors [40].

The choice of a targeting ligand revolves around numerous considerations, including
availability, easiness of production, diversity, affinity, protocols for conjugation, immuno-
genicity, and cost. These parameters should be carefully considered when designing NPs
with a maximum targeting capacity while minimizing the cost. Independently of conju-
gation approaches and target cell characteristics, NPs can be functionalized by targeting
ligands of different nature, such as aptamers, DNA or RNA, small molecules, peptides,
antibodies, or glycoproteins.

3.1. Nucleic Acids
3.1.1. DNA

DNA-functionalized NPs (DNA-NPs) were first reported in 1996 by Mirkin et al., who
described a synthetic strategy that enabled the preparation of nucleic acid-NPs consisting
of densely functionalized and highly oriented DNA strands covalently attached to the core
surface of gold NPs (AuNPs) [41]. DNA is the most robust and amenable for chemical
modifications of the nucleotide sequences, sugars, or phosphate backbones, thus providing
a vast diversity of options of chemical functionality [42].

Functional DNA molecules include aptamers, DNAzymes, and aptazymes obtained
by in vitro selection with the Systematic Evolution of Ligands by Exponential Enrichment
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(SELEX) technology. Moreover, DNA exhibits many favorable features for biological
applications such as small size, low immunogenicity, easiness of synthesis and chemical
modification, and facile surface functionalization [43]. Integration of DNA into NPs imparts
specific recognition capabilities to NPs for various targets, ranging from small molecules
to biomacromolecules and even viruses or cells [42]. Importantly, DNA-based probes
are highly biocompatible and non-toxic to cells. Various methods have been used to
functionalize the DNA onto NPs surfaces, such as covalent conjugation, dative bonding,
and electrostatic interaction [44,45].

3.1.2. RNA

The messenger RNA (mRNA), transfer RNA (tRNA), and ribosomal RNA (rRNA)
have been studied in the frame of the drug-release concept [43]. However, RNA is highly
vulnerable to serum exo- and endo-nucleases, leading to a short half-life in serum. In the
last year, some of them have been used for biomedical applications, e.g., RNA interference
(RNAi), which functions in a cellular process whereby short RNAs mediate the silencing of
a particular gene [46]. Silencing is mediated by small interfering RNAs (siRNA) in which
the antisense strand of a double-stranded RNA duplex guides recognition and catalytic
degradation of a target mRNA by the RNA-induced silencing complex (RISC). Silencing
is also mediated by endogenous short RNAs ~20–25 nt known as microRNAs (miRNAs)
that either repress translation and/or enhance target mRNAs’ degradation. There has been
tremendous interest in advancing the fundamental understanding of both pathways and
harnessing them for therapeutic applications by delivering short RNAs into cells to control
gene expression [43,47,48]. For example, siRNA has been chemically conjugated to various
bioactive molecules, lipids, polymers, peptides, and inorganic nanostructured materials to
enhance their pharmacokinetic behavior, cellular uptake, target specificity, and safety [5].

3.1.3. Aptamers

Single-stranded oligonucleotides with sizes between 70 and 100 nucleotides are gener-
ated by SELEX and form unique tertiary structures that allow specific interactions with
target molecules [43,44,49]. Aptamer truncation has the potential to reduce the cost of
drug manufacturing as they can be obtained through chemical synthesis, avoiding using
animals or cells, with high reproducibility and capacity to be marked, facilitating material
quality assurance, and preventing unexpected toxicity. Aptamers prefer to interact with
positively charged surfaces of the target proteins due to the negatively charged nature of
backbone linkages, they should be highly stable in the body and the nucleotide length can
be sufficiently shortened. Other characteristics include stability at room temperature and
amenability to modify its structure (pegylation, etc.) [46,49,50].

3.2. Peptides and Proteins

The limited ability of current drugs to penetrate cells has contributed to their lack
of biological action, poor therapeutic efficacy and high toxicity. Such limitations have
stimulated developing alternative strategies to site-specific direct NPs, e.g., through pro-
teins or peptides. Various small proteins or peptides have been conjugated on the NPs
surface to improve drugs’ selectivity [38,51]. Unlike proteins, peptides with a linear or
cyclic sequence of amino acids (not more than 50 residues) target NPs moieties by folding
into three-dimensional structures conferring high stability and resistance in the cellular
environment [16,52]. They also enjoy other desirable features, including low molecular
weight, tissue penetration capabilities, easiness of production and relative flexibility in
chemical conjugation processes. The family arginine–glycine–aspartic acid (RGD), such
as cyclic RGD (cRGD), are widely used for conjugation with NPs [44,53,54]. Some protein
transduction domains of peptides, such as cell-penetrating peptides (CPPs), generally
with a maximum length of 30 amino acid residues, e.g., TAT or polyArg can translocate
cell membranes efficiently without compromising their integrity [55]. These CPPs are
characterized by a high content of basic amino acid residues, resulting in an overall positive
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net charge. CPPs are advantageous over other translocation methods because they possess
high cellular permeability rates, the ability to translocate into a broad spectrum of cell types,
large cargo capacity and low cell toxicity associated with no immunological response [56].

Antibodies

They are very large glycoproteins (150 kDa) whose principal role is to recognize
antigens from the circulation, facilitating the activity of the macrophages, conferring high
immunogenicity to the NPs after conjugation [21,57]. Monoclonal antibodies (MAbs) are
macromolecules widely used to target ligands because of their immediate availability and
high affinity and specificity for molecular targets [21,53,58]. In addition, these ligands
usually exhibit high binding affinity. However, the bulky size and constant redundant
region may cause the generation of immunogenicity as size increases. The use of antibody
fragments, nanobodies, affibodies, and peptides may help overcome this shortcoming [20].

3.3. Small Molecules

Small molecules are identified as organic molecules with less than 500 Da molec-
ular weight. With other properties, such as high stability, chemical management, and
low-cost production, their small size confers them optimum characteristics for specific
targeting when conjugated with NPs [1,59,60]. The most extended examples are folic acid
(FA) [37,61,62], small molecules, or polymers like dextran, starch, citrate, or poly(ethylene
glycol) (PEG). NPs, when coated with such small molecules, give rise to nanoprobes
with enhanced biodistribution, longer circulation time, and efficient cellular uptake [63].
For their use as potential delivery systems in vivo, the aforementioned NPs must have
long plasma half-lives. In this sense, PEG is the most widely used macromolecule to
prolong nanocarriers’ half-life. PEG strongly affects nanoparticle structure, stabilization,
and biodistribution in vitro and in vivo [64,65]. These long-circulating NPs can circulate
for a prolonged period and target a particular organ carrying DNA in gene therapy or
delivering proteins, peptides, and drugs [66–68]. For systemic applications, developing
surface-functionalized and long-circulating NPs as cellular probes and delivery agents
is highly desired for passive targeting tumors and inflammatory sites [69]. The simple
structure and chemical stability of PEG make it an inert and biocompatible polymer and
PEG-modified NPs affords long-circulation by evading macrophage-mediated uptake and
removal from the systemic circulation [64,65].

4. Effect of the Protein Corona

NPs are immediately covered with proteins generating the so-called protein corona [70].
The physicochemical properties of the NPs highly influence the composition of the protein
corona formed on the NPs surface. Consequently, the corona is considered one of the
significant players affecting the biological interactions of the NPs, including cytotoxicity,
cell uptake, and transport. Additionally, the correlation between NPs properties and their
cellular transport/uptake appears to be cell type-dependent, indicating that different kinds
of mechanisms could take place [63,71,72].

This process is reversible and in some cases, the proteins can be rearranged by forcing
them into a specific orientation over the NP surface [72]. The preservation of ligand shell
structure and composition is essential to conserve the selectivity and sensitivity, while
nonspecific protein adsorption must be minimized. Some authors had shown that the
surface charge of NPs influences their interactions with biological systems. Generally,
neutral and negatively charged NPs show lower interaction with plasma proteins than
positively charged ones that interact strongly with blood components, undergo nonspecific
binding and cause cell lysis [63,70].

PEG linking is currently the most popular approach to rendering the NP surface inert
toward nonspecific adsorption. Its properties as hydrophilicity, conformational flexibility,
charge neutrality, and steric repulsion are responsible for its bio-invisible (stealth) na-
ture [73]. As a proof-of-concept, Li et al., (2018) explored a photoinduced PEG deshielding
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nanocarrier TK-NPCe6&PTX to circumvent the challenge above. The TK-NPCe6&PTX
encapsulating chlorin e6 (Ce6) and paclitaxel (PTX) were self-assembled from an innova-
tive thioketal (TK) linkage-bridged diblock copolymer of PEG with poly (d,l-lactic acid)
(PEG-TK-PLA). They demonstrated that the high PEGylation of TK-NPCe6&PTX in the
blood helps the nanocarrier efficiently avoids rapid clearance and consequently prolongs
its circulation time. At the desired site (tumor), 660-nm red light irradiation led to ROS gen-
eration in situ [74]. Gangopadhyay et al. [75] developed a new organic polymer based on
4-arm PEG for more specific treatment towards tumor tissues, where biotin was covalently
attached to the 4-arm PEG targeting pendant. The NPs contained coumarin fluorophore,
which rendered synergistic treatment to Hela cell line via the concomitant occurrence of
photodynamic therapy (PDT) and chemotherapy. PEG-Bio-Cou-Cbl NPs released almost
80% of anticancer drug chlorambucil upon exposure to UV/vis light of ≥365 nm. In vitro
application of PEG-Bio-CouCbl NPs in cancerous Hela cell line suggested more significant
cell damage in the combined effect of PDT and chemotherapy than only PDT, while biotin
conjugation ensured better accumulation of the NPs in Hela cell lines than in non-cancerous
L929 cells.

5. Functionalization of Photosensitive Nanocarriers

Ligands may be reversibly adsorbed or entrapped to and retained or embedded into
LRNs through ionic, electrostatic, hydrogen bonding, hydrophobic, or van der Waals
interactions [76] or irreversibly through covalent linking. Interactions depend not only
on LRNs composition and reactive functional groups but also on the ligand’s chemical
nature, affinity, isoelectric point (pI), and the polarity of solvent and media conditions.
The type and composition of the cross-linkers and surface chemistry are also crucial to
consider when functionalizing LRNs [4]. Their selection depends on the NPs features, the
reaction (interaction) efficiency expected and other specific conditions needed to occur,
as functionalizing NPs by different paths may lead to different outcomes. For example,
for antibody NPs coating, physical adsorption may show low reproducibility and poor
stability at different pH conditions. In contrast, linking ligands to NPs by covalent bonding
through various linking chemistries offers high stability despite possible aggregation,
polymerization, and random antibody orientation [77]. The approach holds the potential to
increase the intracellular cargo concentration, decrease dose and cargo side effects, thereby
improving a therapeutic regime’s effectiveness. Itraconazole (ITZ) was encapsulated into
functional polymeric NPs based on poly(lactic acid-co-glycolic acid) (PLGA) polymers for
their targeted and controlled release into macrophages. Although the nanocarriers were
not photosensitive, the work exemplifies how they were functionalized with the F4/80
antibody and compares the functionalization extent by the adsorption and EDC/NHS
methods. The approach demonstrated to increase macrophage uptake in vitro and the
nanosystem’s efficacy to eliminate the Histoplasma capsulatum fungus, paving the way
towards developing highly efficient nanocarriers for drug delivery against intracellular
infections [78].

5.1. Nonspecific Adsorption

Nonspecific adsorption is the simplest and modification-free method for immobilizing
biomolecules at NP surfaces, mainly based on physical adsorption or ionic binding [20]. In
the first case, the biomolecules are attached to the NPs through weak interactions, while
in the second one, they are bound through stronger ionic linkages. However, such non-
covalent immobilization processes could be reversed by changing the pH, ionic strength,
temperature, polarity of the solvent, or interaction with other molecules in biological
samples. Another drawback is the need for a high concentration of biomolecules, which
could be expensive (e.g., antibodies). Besides, denaturation may occur in the linking
process, changing the biomolecule native 3D structure, with the concomitant irreversible
loss of the biological activity [16,56]. Yet, grafting multi-charged polymers on the NP
surface facilitates ionic interaction with biomolecules and enlarges the coating extent by
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promoting a 3D multipoint ionic adsorption within the grafted polymer matrix. Therefore,
although these methods are straightforward and cost affordable, they must be selected only
whenever biomolecule leakage from NPs is not crucial. Otherwise, covalent immobilization
is a better option [77,79].

The pH, temperature, incubation time, and antibody: NPs ratio are parameters that
influence the extent of NP functionalization by physical adsorption. For example, we
recently reported how the pH, away of the biomolecule pI, increased the functionalized
NPs size and polydispersity index (PDI) and decreased the ζ-potential, suggesting agglom-
eration, precipitation of non-absorbed and possibly denatured antibodies but destabilizing
NPs [77]. However, at the optimal conditions of antibody: NPs ratio, pH and incubation
temperature and time, the maximum surface coverage was high enough with relatively
higher NPs stability than the other evaluated pHs [9,21,76].

5.2. Entrapment

Along with adsorption and covalent bonding, drugs and ligands can also be en-
trapped into 3D cross-linked networks from natural or synthetic polymeric matrices such
as nanogels. Such drug delivery systems enjoy swellability, appropriate porosity, tunable
size, and large surface area [30]. They are amenable for multiple bio-conjugations for
encapsulation of mostly hydrophilic drugs with low cytotoxicity, high loading capacity,
physiological stability and stimuli-triggered drug release. Again, electrostatic interactions,
hydrogen bonding, or van der Waals interactions govern drug molecule-nanogel inter-
actions. Hydrogels allow that the 3D-conformational structure of biomolecules used as
ligands or drugs remains almost unaltered after the entrapment process impacting the
resultant nanobioconjugates efficiency and efficacy. Nanogels based on chitosan assembled
with light-responsive polymers are the most extended in this category [31,80,81].

A nanogel-based system based on chitosan and poly(N-isopropylacrylamide) (PNI-
PAM) was synthesized by radical polymerization and modified with Au and magnetic NPs
to reach a light-responsive drug delivery nanocarrier [82]. AuNPs were synthesized in situ
on chitosan surfaces, serving as photothermal transducers, leading to spherical and uni-
form nanogels with high photothermal conversion ability. The surface plasmon resonance
of AuNPs from green light irradiation generated a local heat to the nanogels shrink due
to the PNIPAM molecules and drug molecules released. The resultant intelligent visible
light-sensitive drug nanogel holds the potential to reduce the side effects and toxicity of
free drugs in the body.

5.3. Polymer Coating
5.3.1. Covalent Immobilization of Drugs and Ligands

It is a chemical process of joining two or more molecules at the NPs structure by
covalent interactions. It uses cross-linking reagents that contain distal reactive groups
to link pending reactive moieties of NPs, drugs and ligands [3,56]. Similar chemistry is
applied to amino acids and nucleic acids surface modification and labeling.

5.3.2. Cross-Linkers

Along with NPs, drugs and linkers, the cross-linker defines the method and mecha-
nism for chemical functionalization. Cross-linkers contain at least two reactive chemical
groups that interact with the NPs on one terminus and the drug or ligands on the other
end, acting as a bridge in between. Selection of the proper cross-linker depends on their
properties and reaction conditions such as pH, buffer, and NP, drug or ligand concentra-
tions [58]. For example, the composition of the spacer, water solubility, and cell membrane
permeability. Spacer arm length and functional groups in branched or straight chains and
cleavage sites between the reactive groups. Whether the cross-linker is homobifunctional,
heterobifuncional, or trifunctional, with the same or different reactive groups at either end,
Figure 3 summarizes different cross-linkers commonly used in the covalent immobilization
of ligands at LRNs [56,77,83].
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Figure 3. Structures and characteristics of some cross-linkers.

The chemical chain between two reactive groups is called the spacer arm, whose
length can go from zero-length to >100 angstroms, determining how flexible the linking
will be. Longer spacer arms are more flexible and reduce steric hindrance but have more
potential sites for nonspecific binding. For example, length spacer arms of 1,5-difluoro-2,4-
dinitrobenzene (DFDNB), disuccinimidyl suberate (DSS), bis(succinimidyl) penta(ethylene
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glycol) (BS(PEG)5), and bis(succinimidyl) nona(ethylene glycol) (BS(PEG)9) are 3.0, 11.4,
21.7, and 35.8 Å, respectively [56,84–86].

Homobifunctional cross-linkers have the same reactive groups at either end of a spacer
arm and are generally used in one-step reactions to functionalize NPs with biomolecules
randomly. Heterobifunctional cross-linkers have different reactive groups at either end
and can be used either in a single-step reaction or sequential two-step conjugations that
minimize undesirable polymerization and self-conjugation. DSS is an extended simple
cross-linker with identical amine-reactive NHS ester groups at either end of a short spacer
arm. In contrast, sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(Sulfo-SMCC) is a standard linker, having an amine-reactive sulfo-NHS ester group at one
end and a sulfhydryl reactive maleimide group distally within a cyclohexane spacer arm,
amenable for sequential two-step conjugation reactions [37,56].

Trifunctional cross-linkers typically possess two chemically reactive functional groups
and one label such as a biotin group, e.g., sulfo-N-hydroxysuccinimidyl-2-(6-[biotinamido]-
2-(p-azido benzamido)-hexanoamido) ethyl-1,3′-dithioproprionate (sulfo-SBED). As a way
to illustrate the importance of arm’s length, biofunctionalized mesoporous silica NPs loaded
with cargo were assessed as a drug delivery strategy to multidrug-resistant cells [87]. NPs
were functionalized by covalent attachment of streptavidin onto their surface via a heterob-
ifunctional cross-linker with an extended 5 kDa PEG spacer arm (NHS-PEG-maleimide) or
with shorter arm cross-linkers such as succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-
carboxy-(6-amidocaproate) (LC-SMCC). It is important to note that bioconjugation with a
long arm (5 kDa) PEG cross-linker maximized the targetability of the NPs.

Cross-linkers’ spacer arm may be designed to have cleavage sites built into to break
stable, covalent NP-cross-linker-ligand bonds and recover the individual component coun-
terparts. The disulfide bridge is a commonly used cleavage site that can be readily re-
duced with reducing agents such as ß-mercaptoethanol, dithiothreitol (DTT) or tris(2-
carboxyethyl)phosphine (TCEP) [88,89]. Dimethyl 3,3′ dithiobispropionimidate · 2HCl
(DTBP) is a typical example of a cleavage cross-linker. The molecular composition affects
solubility and nonspecific binding [90,91]. Not water-soluble spacer arms of cross-linkers
contain hydrocarbon chains and those water-soluble ones commonly have PEG chains.
Cross-linkers containing hydrophobic uncharged hydrocarbon chains typically require an
organic solvent such as dimethyl sulfoxide (DMSO) or N,N-dimethylformamide (DMF)
to dissolve, better suited for penetrating the cell membrane and performing intercellular
cross-linking. Adding a charged sulfonate group to their termini forms a soluble analog,
e.g., whereas DSS is soluble in organic solvents, its BS3 derivate is water-soluble. BS(PEG)5
is also soluble in aqueous buffers because of its PEG spacer. PEGylations also allow either
straight, e.g., BS(PEG)5 and BS(PEG)9, or branched—(methyl-PEG12)3-PEG4-maleimide
(TMM(PEG)12)—modifications [92,93]. Figure 3 shows the structures of some cross-linkers.

Cross-linking is mostly at near-physiologic conditions to maintain the native structure
of the biomolecule complex, whose optimal cross-linker-to-ligand molar ratio must be
determined empirically [79,83,94]. It is critical to consider the degree of conjugation
depending on the application. For example, when linking an antibody or an enzyme to
NPs, a low-to-moderate degree of conjugation is desired to retain their biological activity.
The number of available surface functional groups is also worthy of consideration. A
lower cross-linker-to-protein ratio is enough for a high number of target groups; for a
limited number of potential target groups, a higher cross-linker-to-protein ratio may be
required [56,86]. Excess of reagents may be avoided to elude unnecessary cross-linking
processes and interfering subproducts. As an illustrative example, it is worth mentioning
glutaraldehyde (GA), one of the most widely used homobifunctional cross-linkers. Hybrid
nanospheres based on chitosan/gold nanorods (CS-AuNR) were successfully synthesized,
the cisplatin anticancer drug loaded into the spherical matrix and GA introduced to cross-
link the hybrid nanospheres [95]. They were utilized as contrast agents for real-time cell
imaging while serving as a NIR thermotherapy approach for irradiation-induced cancer
cell death and effectively attacking the cancer cells. The work demonstrated the feasibility
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of using such an all-in-one system for simultaneous cancer cell imaging and attacking and
inducing cancer cell death. Table 1 summarizes manners to functionalize photosensitive
nanocarriers, pointing out advantages, disadvantages and main interactions.

Table 1. Functionalization of photosensitive nanocarriers.

Method Advantages Disadvantages Interactions/Example References

Physical adsorption
The most simple.
Less aggressive.
Reagent-free.

Less stable.
Less reproducible.

Van der Waals.
Hydrogen bonding.
Hydrophobic interactions.
Electrostatic interactions.

[56,77]

Entrapment

3D-conformational
structure of ligands and
drug biomolecules
remain almost
unaltered, keeping the
biological activity.

Poor retention.
Diffusional barrier.
Limited molecules
transport & longer
response time.

Gel (polyacrylamide)
Silicone, Jelly
Chitosan hydrogel

[80]

Cross-linking
Simple
Additional stability by
intermolecular linking.

Alter the 3D
conformation of
biomolecules and active
center of enzymes.
Induce restriction in
molecules diffusion.

Glutaraldehyde,
Hexamethylene
diisocyanate,

[56,77,83]

Biocomposite Improved properties. Stability of bioreceptors
in solvents and matrix

Embedded active principle
in a complex matrix [56]

Covalent linking

Better stability (pH,
ionic strength and
temperature).
Longer lifetime.

Longer protocols.
Lower bioactivity.

Through functional groups
(NH2, COOH, OH, SH,
Ph-OH).

[86,93]

5.4. Functional and Reactive Groups

Functionalization of NPs is the process of changing their surface chemistry by grafting
chemical functional groups or molecules on their surface to achieve new capabilities,
characteristics, properties, or functions. Covalent coupling of ligands to NP surfaces
involves a chemical reaction between reactive functional groups from the nanostructured
platform and free-functional groups from the ligand. Reactive functional groups include
carboxylic acid (-COOH), aldehyde (-CHO), amine (-NH2), sulfhydryl (-SH), photo-reactive
hydroxyl (-OH), and azide (-N3), which target common free-functional groups from ligands
such as cysteine and lysine residues from proteins and amino and carboxylic moieties from
synthetically modified nucleic acids and peptides [4,17,56].

5.4.1. Carboxylic Acid (R-COOH)

Carboxylic acid is present on the protein structure’s surface at the C-terminus of
each polypeptide chain and side chains of aspartic and glutamic acids, highly reactive
towards carbodiimides, one of the most common coupling reaction. Among carbodiimides,
N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) is a zero-length
cross-linker that reacts with carboxylic acid groups to form an active unstable O-acylisourea
intermediate, naturally displaced by a nucleophile from primary amino groups forming
an amide link with the original carboxyl group and releasing the EDC as a soluble urea
by-product (see reaction 1 in Table 2) [56]. Direct EDC-mediated cross-linking usually
causes random polymerization of polypeptides due to the multiple carboxyls and amines
of peptides and proteins. N-hydroxysuccinimide (NHS) and its water-soluble analog
(sulfo-NHS) are often introduced in EDC coupling reactions to improve efficiency or create
dry-stable (amine-reactive) intermediates [96,97] (see reaction 2 in Table 2). EDC couples
NHS to carboxyl groups, forming a reactive NHS-ester, more stable than the O-acylisourea
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intermediate, with efficient conjugation to primary amines at physiological pH. EDC
may also activate 5′ phosphate groups in the presence of imidazole for conjugation to
primary amines. Unlike EDC, which cross-links carboxylic acids to primary amines in
direct biomolecules conjugation processes, not aqueous-soluble dicyclohexyl carbodiimide
(DCC) does it when conjugated to NPs but before linking to the ligand [96]. Because
the reaction is water-free, the resulting NHS-ester can be prepared and stabilized as a
dried powder without appreciable hydrolysis, being very useful in commercial peptide
synthesis [98] (see reaction 3 in Table 2).

As an illustration of the EDC/NHS coupling chemistry, our group got encapsulated
dofetilide into azobenzene-modified chitosan polymer NPs for their specific photo-delivery
into cardiomyocyte target cells. Primary amines of a fluorescein isothiocyanate (FITC)
targeting transmembrane peptide (CTB) were linked to carboxylic acid moieties, exposed
at the outermost nanocarrier’s surface, by the EDC/NHS covalent coupling in two steps.
The improved cellular uptake was explained by the peptide-coated nanocarriers’ capacity
to disrupt the cardiomyocyte’s cell membrane. Therefore, intracellular cargo release was
dramatically accelerated upon short UV-light irradiation (Figure 4) [99].
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5.4.2. Carbonyl (R-CHO and R-C-O-R’)

The polarity of carbonyls, especially in aldehydes, makes the carbon atom electrophilic
and reactive to primary amine nucleophiles. Although aldehydes do not naturally occur
in macromolecules of interest, they can be created from oxidizable sugar groups, typical
constituents of glycosylated proteins [100]. Besides, the ribose from RNA is a reducing
sugar [101]. The carbon-carbon bond between adjacent hydroxyl groups in carbohydrate
sugars is cleaved (oxidized) by periodic acid (HIO4) from dissolved sodium periodate
(NaIO4) to yield reactive aldehyde groups (see reaction 4 in Table 2) [56]. Carbonyls can be
produced in glycoproteins and other polysaccharide-containing molecules by oxidation
with sodium meta-periodate and then conjugated with hydrazide-activated cross-linkers
and labeling compounds to form hydrazone bonds, stable enough for protein conjugation
applications. Aldehydes created by periodate-oxidation of sugars in biological samples
react with hydrazides at pH 5–7 to form hydrazone bonds (see reaction 5 Table 2) [102,103].
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Hydrazide chemistry is useful for conjugating polyclonal antibodies through glycosylation
sites, often located at domains away from the parotopes preserving their functionality [102].
Alkoxyamine compounds conjugate with carbonyls (like hydrazides) to create an oxime
linkage and can also use aniline as a catalyst [103] (see reaction 6 in Table 2).

Reductive amination is a zero-length cross-linking method where the electrophilic
carbon atom of an aldehyde interacts with a primary amine nucleophilic nitrogen to
yield a weak Schiff base, which may rapidly hydrolyze in aqueous solutions. Sodium
cyanoborohydride (NaCNBH3) is a mild reducing agent that reduces the Schiff base to
a secondary stable alkylamine linkage without reducing other chemical groups in the
ligands [56,104] (see reaction 7 in Table 2).

5.4.3. Amine (R-NH2)

Primary amines exist at both the N-terminus of each polypeptide chain and in the side
chain of lysine residues. Thanks to its positive charge at physiologic conditions, primary
amines are usually on the outermost protein’s surface, more accessible for conjugation
without denaturation. Many reactive chemical groups target primary amines, includ-
ing N-hydroxysuccinimide ester, imido ester (the most common), carbodiimide, iso and
iso(thio)cyanate, sulfonyl chloride, anhydride, aldehyde, carbonate, acryl azide, fluoro
benzene, fluorophenyl ester, and epoxide [77]. EDC activation of carboxylate molecules
forms NHS reactive activated esters prone to react with primary amines in slightly alkaline
conditions, yielding stable amide bonds (see rection 8 in Table 2). Yet, NHS ester hydrolysis
competes with the primary amine reaction. The hydrolysis rate is faster with less efficient
cross-linking as the buffer pH is high and protein concentration lower. The hydrolysis
half-life is 4-to-5 h at pH 7.0 and 0 ◦C but 10 min at pH 8.6 and 4 ◦C, which can be moni-
tored at 260 to 280 nm (absorption wavelength of NHS) in a primary amine-free solution.
Sulfo-NHS esters have a charged group that increases the water solubility of cross-linkers
containing them and prevents sulfo-NHS cross-linkers from permeating the cell membrane
with no effect on the reaction chemistry [86,105].

Imidoester cross-linkers interact with primary amines to form protonated amidine
bonds, having a positive charge at physiological pH [106–108]. They have been used to
study protein structure and molecular associations in membranes and immobilize proteins
onto NPs while preserving the pI of the native protein (see reaction 9 in Table 2). Such
amidine bonds are reversible at high pH when the more stable and efficient NHS ester cross-
linkers are preferred. The half-life and reactivity with amines increase as the pH is high
and therefore, the cross-linking is more efficient [56]. Maleimide is used combined with
amine-reactive NHS ester chemistry (heterobifunctional crosslinkers) to enable controlled,
two-step conjugation of purified peptides and/or proteins at near-neutral conditions (pH
6.5–7.5), forming stable thioether linkages. Since maleimide-activated crosslinkers react
specifically with sulfhydryl groups (-SH), disulfide bonds in protein structures must be
reduced to free thiols to react with maleimide reagents while excluding them from reaction
buffers to avoid reaction competition (see reaction 10 Table 2) [106]. Yet, as TCEP does not
contain thiols, it does not have been removed from these reactions.

Amino functional groups not only can be at the biomolecule structure but the surface
of NPs. For instance, amine-terminated carbon dots (CDs-NH2) were functionalized with
ampicillin, offering a new alternative for visible light-triggered antibacterial treatment [109].
Ampicillin-linked NPs were more stable in solution than the free ampicillin counterpart.
The ampicillin-modified CDs-NH2 surface, together with the generation of moderate
quantities of reactive oxygen species (ROS) under visible light illumination, demonstrated
to be very effective in inactivating the growth of Escherichia coli. The platform is an example
of combining the antibacterial activity of a drug (ampicillin) with the intrinsic theranostic
properties of NPs (CDs-NH2).
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5.4.4. Sulfhydryl (R-SH)

It is part of cysteine’s side chain, which commonly joins their side chains via disulfide
bonds as part of a protein’s secondary or tertiary structure. The disulfide must be reduced
to sulfhydryls to make it reactive towards maleimides, haloacetyls and pyridyl disulfides
to cross-link to form stable thioether linkages near-neutral conditions [56]. Maleimide
chemistry is used combined with amine-reactive NHS ester chemistry through heterobi-
functional cross-linkers to enable controlled, two-step conjugations, free-thiols can quench
maleimide excess and ethylenediaminetetraacetic acid (EDTA) can chelate stray divalent
metals that promote non-reactive sulfhydryls’ oxidation [108,110–112]. Most haloacetyl
cross-linkers contain iodoacetyl or bromoacetyl groups that react with sulfhydryl groups by
nucleophilic substitution of iodine (or bromine) with a sulfur atom from a sulfhydryl group
resulting in stable thioether linkages [83]. Limiting free-halogen generation is desirable to
avoid cross-reactions with tyrosine, histidine and tryptophan residues (see reaction 11 in
Table 2). Just a slight excess of the iodoacetyl over sulfhydryl groups at pH 8.3 would en-
sure sulfhydryl selectivity, but without free-sulfhydryls or with a large excess of iodoacetyl
group, the iodoacetyl group can react with other amino acids [113]. Pyridyl disulfides
also react with sulfhydryl groups by exchanging the -SH group to form disulfide bonds,
cleaved with disulfide reducing agents, such as DTT and releasing 2-pyridyldithiol [114]
(see reaction 12 in Table 2).

One typical example in this category is the chemisorption of a thiolated photosensitive
structure to AuNPs or Au nanorods (AuNRs). Photo-triggered micelles from the chitosan
natural base polymer were functionalized with thiourea and then modified by graft-
ing poly(L-lactide), poly(N-isopropylacrylamide), and poly(acrylamide) to form thermo-
sensitive micelles [82]. Whereas AuNRs were chemisorbed at the micelle’s outermost
surface, inducing photosensitivity to the nanocarrier, NIR light exposure simultaneously
created local heat by AuNRs, shrinkage the micelles and drug release. Of the loaded
paclitaxel, 38% was released at MCF7 cells after exposure to NIR light. Recent advances in
the applications of AuNps for drug and gene delivery have been reviewed elsewhere [115].
These works well-illustrated, stable, versatile, and attractive AuNP-based scaffolds assem-
bled by different monolayer structures that allow straightforward drug conjugation and
tunning properties. The AuNP-conjugated structures can be intracellularly released by
glutathione through the thiol functionality and an external light stimulus.

5.4.5. Photo-Reactive

Although photo-reactive groups are associated with unfavorable NP properties such
as poor absorption, low aqueous solubility, and swift metabolization, they are used more
and more in novel formulations [23]. The two most common photo-reactive chemical
groups are diazirines and aryl-azides, which are activated by exposure to UV or visible
light, most often used as heterobifunctional cross-linkers and widely used for nonspecific
bioconjugation in vitro and in vivo. When an aryl azide is exposed to UV-light it forms a
nitrene group that can initiate either an addition reaction with double bonds, an insertion
into C–H and N–H sites, or subsequent ring expansion to react with a nucleophile; this
is the reaction path that dominates in the presence of primary amines [1,26] (see reaction
13 in Table 2). Diazirines have better photostability and are more rapidly and efficiently
activated with long-wave UV light than with phenyl azides by generating reactive carbene
intermediates, which form covalent bonds with any amino acid side chain or peptide
backbone [22] (see reaction 14 in Table 2).

As commented, the azobenzene photo-reactive group was chemically introduced
into a chitosan backbone and LRNs formed by nanoprecipitation. The resultant LRNs
were functionalized with a FITC-CTB for the enhanced uptake by cardiomyocyte cells.
The photoactive groups suffer a reversible isomerization from cis to trans by UV absorp-
tion and trans to cis by visible light, destabilizing the nanostructures, thus releasing the
cargo into the cells [99]. Another interesting approach was a photoinduced scission of
azo-modified polymer brushes covalently linked to a solid surface [116]. Photosensitive
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polymer brushes were prepared through analogous polymer attachment of azobenzene
groups to surface-attached poly(methacrylic acid) (PMAA) chains to form surface relief
gratings. The photosensitive brushes’ topography regarding the grating stripes’ height was
controlled by adjusting the UV irradiation time.

5.4.6. Azide (R-N3)

Azide and phosphine groups recognize each other to produce an aza-ylide interme-
diate trapped to form a stable covalent bond with high specificity in typical samples but
not natural or endogenous biomolecules. This cross-linking method called the Staudinger
reaction depends on a pair of unique reactive groups specific to one another but foreign
to biological systems [54,117]. Because they do not naturally occur in cells, they may
react only in biological samples with minimal background, within the “chemoselectivity”
concept. See reaction 15 in Table 2.

A 4-azido-2,3,5,6-tetrafluorobenzyl methacrylate (ABMA) homopolymer was recently
modified with phosphines after polymerization to give stable iminophosphoranes and
prepare well-defined spherical, worm-shaped, vesicular NP gels with azide-functional cores
that underwent a thermally reversible degelation [118,119]. Multicomponent modification
of NPs with phenylacetaldehyde, morpholine, piperidine, or the N,N′-dimethylethylene
cross-linker led to the corresponding amidine derivatives (core modification) in one step.
UV irradiation of NPs led to their stable cross-linking through the formation of reactive
nitrene intermediates, avoided disassembly in nonselective solvents, resulting in a simple
and reagent-free cross-linking strategy azide-polymer chemistry [120].

5.4.7. Hydroxyl (R-OH)

The hydroxyl groups’ chemistry is essential for functionalizing polysaccharides, gly-
coproteins, sugar of nucleic acids, or polymers as PEG. Like the amide bond formation,
the direct coupling of carboxylic acids to alcohols requires activation for the ester bond
formation. Many of the methods mentioned for activating carboxylic acids for amide bond
formation, such as those based on acyl halides, acyl imidazoles and carbodiimides/O-
acylisoureas, achieved with N,N′-diisopropyl carbodiimide (DIC), DCC or EDC, also
work in this case [102,121,122]. However, the risk of forming the non-reactive N-acyl
urea is higher as alcohols are poorer nucleophiles than amines. Additives such as 4-
dimethylamino pyridine (DMAP), 1-hydroxy benzotriazole (HOBt) or 7-aza-1-oxy-l,2,3-
benzotriazole (HOAt) [123,124] minimize this side reaction. The corresponding activated
intermediates rapidly react with the alcohol to form the desired ester in a high yield. An-
other alternative is the ester formation via alcoholysis of mixed anhydrides in the presence
of an organic base [125]. The alcohol also can be activated toward nucleophilic attack
from the carboxylic acid (Mitsunobu reaction) by reacting with a phosphine and dialkyl
azodicarboxylate (see reaction 16 Table 2). Hydroxyl groups can indirectly react with
amines giving stable carbamate bonds [122] with 1,1′-carbonyldiimidazole (CDI), DSC
and N-hydroxysuccinimidyl chloroformate (HSC). CDI can react with hydroxyl groups
generating an imidazolyl carbamate active intermediate that reacts with the desired amine
via a stable urethane linkage and releasing an imidazole molecule. DSC and HSC can also
be used in nonaqueous environments as they rapidly hydrolyze.

A phthalocyanine-loaded nanostructured lipid carrier was functionalized with FA
and tested as targeted photodynamic therapy (PDT) against breast cancer [126]. For the
nanocarrier assembly, the PF127 polymer was first esterified with FA by the CDI coupling
chemistry to ensure that at least one or more of the two hydroxyl groups of PF127 were
conjugated to carboxylic acid groups of FA and further emulsified with an oil phase
containing the phthalocyanine. Similarly, carboxylic acid-hydroxyl coupling through
CDI has been explored for synthesizing FA–PF127 magnetic NP clusters for imaging and
theranostic applications [119]. Conjugation of α-, β-, and γ-cyclodextrins (CD) to graphene
oxide (GO) sheets was achieved by the esterification of carboxyl functional groups of the
GO with hydroxyl groups of CD, catalyzed by EDC/DMAP. The reaction produced stable
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and biocompatible nanocarriers to encapsulate SN38, an active metabolite of irinotecan
approved for clinical use in metastatic colorectal cancer, to overcome its solubility and
stability issues and reduce its side effects [127]. The synergistic treatment platform was
demonstrated to have the potential for colorectal cancer therapeutics.

5.4.8. Silanization

It is the process of covering, e.g., a metal oxide surface with organofunctional alkoxysi-
lane molecules by linking its hydroxyl groups to the alkoxy groups on the silane, thus
forming a covalent -Si-O-Si- bond. The purpose is to form bonds across the mineral-organic
components interface when assembling hybrid nanobioconjugate drug delivery systems.
This method commonly combines the power of targeted delivery with the spatiotemporal
control of light activation [128].

A cell-impermeable fluorescent compound delivered exclusively to the cytosol of
multidrug-resistant cancer cells based on light-activated disruption of intracellular vesi-
cles after uptake was proposed [87]. The authors developed a synthesis procedure based
on silanization of mesoporous silica NPs with tetraethyl orthosilicate (TEOS), mercapto-
propyltrimethoxysilane (MPTMS), and Pluronic F-127 as a secondary surfactant to obtain
accurate size control and improve targeting efficiency.

5.4.9. Bioaffinity Interactions

They are interactions based on the affinity of biomolecules. For example, biotin
(Vitamin B7, vitamin H) has a strong affinity for avidin, neutravidin and streptavidin.
Biotin can bind the tetrameric avidin rapidly, with high affinity and specificity in a broad
range of pHs and temperatures, forming the strongest non-covalent bonding known in
nature with a dissociation constant Kd of 10−15 M [77,129,130]. Avidin is 66–69 KDa
in size, and 10% of its composition is carbohydrates. Its pI of 10 makes it is mainly
positively charged in conjugation reactions with pseudo-catalytic activity and has a high
tendency to aggregation. Neutravidin is the deglycosylated version avidin of 60 KDa and
a near-neutral pI (pH 6.3), minimizing nonspecific interactions with DNA/RNA or the
negatively charged cell surface to circumvent the mentioned issues [4,131]. By removing
the carbohydrates, lectin binding minimizes while biotin-binding affinity retains; besides,
neutravidin still has lysine residues that remain available for derivatization or conjugation
with a strong affinity for biotin (Kd = 10−15 M). In biochemical applications, streptavidin
pI (pH 5), which binds very tightly to biotin (Kd = 10−14 M), may be used interchangeably
with neutravidin. Streptavidin is a homotetrameric protein of 52.8 KDa extracted from
the bacterium Streptomyces avidinii, highly resistant to organic solvents and denaturants
detergents, proteolytic enzymes, and extreme temperatures and pHs [52]. The mentioned
strength and specificity made such interactions applicable to graft plenty of biomolecules
to nanocarriers and colloidal particles. The surface of live wild-type LN-229 cells was
biotinylated to test a streptavidin-NP conjugate-based delivery strategy to multidrug-
resistant cells by bioaffinity interactions, as will be detailed in the end of this section. It
was assessed through targeting expressed P-glycoprotein bioreceptor in the cells following
antibody staining [87].
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Table 2. Summary of surface chemistries to functionalize NPs.

Functional Group Reactive Group Reaction Conditions Ref.

Carboxylic
(R-COOH)

Carbodiimide
1. EDC (up)
2. EDC/NHS (down)
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Table 2. Cont.

Functional Group Reactive Group Reaction Conditions Ref.

Carbonyls
(R-CHO,
R-CO-R’)

4. Aldehyde and cetone
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Table 2. Cont.

Functional Group Reactive Group Reaction Conditions Ref.

Amine
(-NH2)

8. Succinimide
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Table 2. Cont.

Functional Group Reactive Group Reaction Conditions Ref.
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Table 2. Cont.

Functional Group Reactive Group Reaction Conditions Ref.
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5.4.10. Layer-by-Layer (LbL) Assembly

LbL assembly is a versatile method for thin film deposition and coating substrates with
polymers, colloids, biomolecules, and even cells in a precisely controlled manner [132,133].
Control of drug release can be achieved by designing formulations containing alternating
layers of the same or different polymers of opposite charge with the drug (or multiple
drugs) loaded between layers and washing steps between the processes. This is a simple
manner of controlling and sustaining the same or multiple drugs’ release, depending on
the expected therapeutic application [134]. Layers are commonly assembled from polymers
of opposite charges by enthalpic or entropic driving forces. For example, polystyrene sul-
fonate (PSS) of negative charge can be intercalated between polyallylamine hydrochloride
(PAH), polyethyleneimine (PEI), or polyacrylic acid (PAA) of positive charge. Chitosan
is a natural polymer of positive charge widely used in LbL arrangements. LbL offers the
opportunity to self-assemble a wide variety of appropriate building blocks and has other
merits such as low process temperature, molecular resolution composition and thickness
control [133,135].

A zinc phthalocyanine was loaded onto gelatin NPs functionalized with PSS/PAH
polyelectrolytes by LbL assembly [136]. Changes in the ζ-potential indicated successful
alternating decoration of the polyanion PSS and polycation PAH directly on the gelatin
NPs. The LbL deposited polyelectrolyte bilayer was very efficient in reducing the release
rate and alleviating the initial burst for drugs loaded in the gelatin NPs. Cell viability of
a mouse macrophage carcinoma line J774 A-1 decreased with light dose, demonstrating
the photobiological activity of the functional NPs and their potential for PDT use [137].
In the same context, hyaluronic acid-functionalized chitosan NPs loaded with oxaliplatin
were encapsulated into Eudragit S100, administered orally, and tested for effective delivery
to colon tumors [138]. The systems showed relatively high localized drug concentration
with prolonged exposure time and the potential to lower systemic toxicity and enhance
antitumor efficacy for colon cancer treatment.

To close this section, it is worth commenting on an example that illustrates many of
the functionalization strategies described herein. It is a cell-impermeable fluorescent com-
pound delivered exclusively to the cytosol of multidrug-resistant cancer cells expressing a
glycoprotein in a mixed population based on light-activated disruption of intracellular vesi-
cles after internalization of biofunctionalized mesoporous silica NPs loaded with cargo [87].
Silanization of mesoporous silica NPs with TEOS, MPTMS and PF-127 lead to accurate
size control and improved targeting efficiency. The NPs were functionalized by covalent
attachment of streptavidin onto their surface via a heterobifunctional cross-linker with
NHS-PEG-maleimide (long arm) or with LC-SMCC cross-linkers (shorter arm) [128]. NPs
were covalently linked to Alexa546-maleimide through the free sulfhydryl groups, saturat-
ing the silica NPs with hydrolyzed dye. The surface of live LN-229 cells was biotinylated to
test cell surface attachment to streptavidin-functionalized NPs by bioaffinity interactions.
Cytosolic delivery of a 3 kDa dextran-FITC conjugate was also evaluated. Release into
the cytosol was observed after short exposure to green excitation light. Proteins such
as neutravidin could also be delivered to the cell cytosol with slower diffusion kinetics
than a dye molecule. The streptavidin-NP conjugate-based delivery strategy was assessed
through targeting expressed P-glycoprotein bioreceptor in wild-type LN-229 cells following
antibody staining by taking advantage of the bioafinity interactions [87]. It was observed
that bioconjugation with a long arm cross-linker maximized the targetability of the NPs.
Overall, the approach promises to expand the pharmacological arsenal to cell-impermeable
compounds to overcome multidrug resistance (Figure 5).
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Figure 5. Schematic of light-activated and targeted cytosolic delivery of membrane-impermeable
compounds. (a) Antibody-functionalized NPs are loaded with fluorescent Alexa546 model dye
and targeted to cells expressing P-gp-green fluorescent protein (GFP bound to the P-glycoprotein
transporter). After NPs endocytosis (b), the cargo was released in the endosome (c). Exposure to light
at the dye’s excitation wavelength (546 nm) promoted ROS-mediated membrane damage (d) with
cytosolic delivery of Alexa546 exclusively in the P-gp expressing cells. Reprinted with permission
from [87]. Copyright 2010 American Chemical Society.

6. Characterization of Photosensitive Functional Nanocarriers
6.1. Physicochemical Properties

Functionalized NPs can be characterized by a wealth of optical and physical methods.
The distinct optical and physical properties of NPs are essentially due to their different
composition, size, shape, morphology, colloidal stability, and linker properties. Thereby,
adequate reliable and comprehensive characterization with multiple techniques is essential
to study the NPs and quality control of the fabrication process, which is typically recom-
mended to avoid misleading interpretations. The methods to evaluate the physicochemical
properties of nanocarriers have been extensively reviewed elsewhere. Therefore, Table 3
summarizes the main physicochemical methods to characterize LRNs.

Table 3. General characterization techniques of LRNs.

Parameter Method Comment Ref

Particle size

Dynamic light scattering (DLS)
Based on the scattering of
light caused by the Brownian
movement of the particles.

[139]

Scanning electron microscopy (SEM) Observe the morphological
state by direct visualization. [140–142]Transmission electron microscopy (TEM)

Atomic force microscopy (AFM)
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Table 3. Cont.

Parameter Method Comment Ref

Shape

Microscopy techniques (SEM, TEM, AFM) Generate images of individual NPs to
characterize their shape, size, and location. [141,143]

Energy-dispersive X-Ray spectroscopy (EDS)

An electron beam hits the sample, exciting an
electron in an inner shell, causing its ejection
and forming an electron-hole in the
electronic structure of the element.

[140,144]

X-ray photoelectron spectroscopy (XPS)

Irradiate a material with a beam of X-rays
such as a typical Al Kα or Mg Kα source
while simultaneously measuring the kinetic
energy and number of electrons that escape
from atoms on the surface of the material
being analyzed.

[145]

X-ray diffraction analysis (XRD)

It is produced by constructive interference of
a monochromatic beam of X-rays scattered at
specific angles from each set of lattice planes
in a sample. The peak intensities are
determined by the atomic positions within
the lattice planes.

[141,146,147]

Surface charge Electrophoretic light scattering (ELS)
It is measured through the mobility of the
charged particles under an electric field that
indirectly correlates with the surface charge.

[147]

Surface
properties AFM, contact angle measurement (CAM)

CAM has long been used as a criterion of
static hydrophobicity of solid surfaces. It is a
simple-to-adopt method for surface
hydrophobicity analysis based on the sessile
drop Young–Laplace method. AFM has been
shown to reveal surface energies and
hydrophilic or hydrophobic characteristics of
the interacting surfaces.

[148]

Nuclear magnetic resonance spectroscopy
(NMR)

It can be defined as an indispensable tool
that applies a magnetic field to an atomic
nucleus (e.g., the most common stable
isotopes 1H, 13C, 15N) and radiofrequency
pulses to characterize the resonant frequency
of that atomic nucleus according to its
chemical or environmental surroundings.

[149]

Thermodynamic
properties

Differential scanning calorimetry (DSC)
Thermogravimetry (TG)

Give information about the crystallographic
structure, chemical composition, and
physical properties.

[150]

Encapsulation
efficiency, cargo
release

Ultraviolet-visible spectrophotometry
(UV-Vis), high-performance liquid
chromatography (HPLC)
Ultracentrifugation, ultrafiltration,
gel filtration

Use classical quantification methodologies
according to the characteristics of the drug to
be encapsulated.

[151]

6.2. Cargo Release

Light may trigger changes in the physical properties of some surfaces, such as wetta-
bility, hydrophobicity, lubrication adhesiveness and conformational changes, of interest
in biotribology, controlled drug release, and cell growth and separation, among other
fields [14]. Particularly in drug release, such light-triggered changes have a profound im-
pact on the release kinetics. Kumari et al. described five release mechanisms (i) desorption
of drug bound to the surface, (ii) diffusion through the excipient matrix, (iii) diffusion
through the polymer/lipid wall, (iv) erosion of the matrix of NPs and (v) a combined
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process of diffusion erosion [152]. The photoresponsive properties and photo-triggered
cargo release capabilities of NPs are dependent on their absorption cross-section (a measure
of the probability of photon absorbance by each particle) and quantum yield [1].

6.3. Photoisomerization Properties

Photoisomerization of molecules, e.g., azobenzene chromophore, may produce sub-
stantial changes in molecular geometry and surface free energy, giving rise to reversible
switching of dipole moment and wettability. The transazobenzenes typically have small
dipole moments, exhibit hydrophobic properties, and isomerize upon irradiation with
UV light to the cis configuration, which possesses a higher dipole moment and decreases
hydrophobicity [28]. Due to the light effect, UV-visible (UV-Vis) spectroscopy is one of the
reasonably standard methods for characterizing such systems [13,153]. The product of the
absorption cross-section and quantum yield determines the efficiency of this energy conver-
sion process. A single UV-Vis photon possesses sufficient energy to achieve photochemical
reactions that have been widely used as the basis for photoresponsive NPs [14]. In this
context, simple irradiation with a hand-held UV lamp emitting at different wavelengths
had been strategic to stimulate photoresponse and release drugs from NPs. Yet, some
particular characterization is necessary for this kind of NPs, e.g., two-photon microscopy
(TPM) that utilizes two NIR photons as the excitation source. In this methodology, two
photons of approximately twice the wavelength of single-photon excitation stimulate the
fluorophore to the excited state. The emission process happens in the same way as with the
one-photon excitation.

6.4. Fluorescent Properties

Fluorescence is advantageous because it provides higher spatial resolution using
excitation in the NIR spectral window [154]. Innovative techniques have been reported to
stimulate photosensitive NPs, e.g., emission depletion microscopy (STED) uses a second
laser to suppress the fluorescence emission from the fluorophores located off the exci-
tation center. When an excited-state fluorophore encounters a photon that matches the
excited-ground state energy difference, it can be brought back to the ground state through
stimulated emission before spontaneous fluorescence emission occurs. This process ef-
fectively depletes excited-state fluorophores capable of fluorescence emission. Especially
designed architectures belonging to coumarin and SP classes have been used with great
success in this type of microscopy [75,85,116].

6.5. Surface Coverage and Functional Ligands

Determination of the surface coverage of functional ligands is another determinant
parameter in functionalized-NPs characterization. The quantification techniques and
methods developed for characterizing the shell thickness, the ligand orientation, and the
number of active moieties on NPs are briefly summarized below [13,33,39]. DLS and
differential centrifugal sedimentation are some direct techniques based on measuring the
particle diameter and the protein shell thickness around NPs [14,155]. The RMM has been
reported for the direct quantitation of immobilized proteins. Some authors used XPS, a
technique that measures the elemental composition and allows to infer their bonding state
and estimate the overlayer structures, thickness, and surface chemistry of NPs [156]. The
quantification of protein is also relevant, which methods are based on Lowry-, Bradford-,
and bicinchoninic acid-assays [157].

Electrophoresis provides a method for characterization of bare and biofunctional-
ized NPs as when an electric field is applied, their migration through the gel depends
on their shape, size, and charge [143,158]. According to their electrophoretic mobility,
polyacrylamide gel electrophoresis (PAGE) is one of the most useful methods to separate
biomolecules, such as proteins and peptides. Thus when the molecule used to functionalize
the NPs is a peptide or a protein, this method is an indirect way to analyze the efficacy
of the process. Other proper methodologies are based on dot-blot immunoassays and
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enzyme-linked immunosorbent assay (ELISA). The only requirement is to have a detec-
tion antibody able to detect the biomolecule selected for the functionalization. Besides, it
could also give information about the biomolecule orientation once it is attached to the NP
surface, as mentioned.

7. Biomedical Applications of Photo-Controlled Drug Delivery Systems
7.1. Biocompatibility and Biodegradability

Nonbiodegradable polymers show limited clearance in biological conditions, so an
exhaustive optimization is necessary to advance biomedical applications [159]. In contrast,
biodegradable polymers offer outstanding opportunities in this field related to their high
drug loading capacity, encapsulation efficiency and facile modification, and especially to
their biocompatibility, control over biodistribution, and degradation kinetics [14]. Pho-
tocleavable species are conjugated to the polymer side chains as protecting groups of
nucleophiles, such as alcohols, thiols, and amines, to improve the biocompatibility of pho-
tosensitive polymers [25,33]. Upon light irradiation, photocleavage of the light-responsive
units leads to the deprotection of these functional groups, initiating a consecutive degrada-
tion process of polymer main chains and thus releasing the payload of polymeric NPs. For
example, utilizing the photoinduced hydrophobic-to-hydrophilic property of hydrophobic
SP isomerized to the hydrophilic MC, Wang et al. reported a nanogel of poly(acrylic
acid-co-spiropyran methacrylate) cross-linked by N,N-bis(acryloyl)cystamine. In vitro cy-
totoxicity assays revealed that the empty nanogels possessed good biocompatibility before
and after UV light irradiation (360 nm, 15 mW cm−2, 1 min) even at high concentrations
(50 µg mL−1) [160]. Apart from SP, currently, many molecules with precise alterable spa-
tiotemporal structures, such as chiral helicene, azobenzene, diarylethene, and binaphthyl
compounds, have been explored as photoswitches [1,3]. The drug release processes and
their photocage-dependent biodegradability, e.g., the light-responsive units’ photocleav-
age, lead to the deprotection of these functional groups, which can initiate a consecutive
degradation of polymer main chains and release the polymer nanoparticles’ payload [26].

7.2. Functional Nanocarriers

The increased use of functionalized polymeric NPs is because of their properties as
intelligent systems, target specificity that increases efficiency and efficacy of therapeutic
regimes while reducing side effects. Until a few years ago, it has been difficult to treat cer-
tain diseases like cancer, which required target-specific action [161]. However, although the
light is an external stimulus that can be applied directly to the LRNs to release cargo with
good spatiotemporal control, it possesses some limitations related to its specificity. More-
over, all light-activated systems suffer from limited tissue penetration and UV irradiation
can only be applied to very superficial parts of the body, such as the skin, mucosa, and eyes.
Besides, a light stimulus would be more effective if the targeted tissues are distinguished
from the healthy ones. Therefore, the idea of modifying LRNs with different moieties and
ligands search for site-specific cargo delivery imparting stealth effects and/or eliciting
specific cellular interactions to improve the nanosystems’ safety and efficacy [162,163].

One of the first approaches to using photosensitive compounds was their coupling to
biomolecules, which allowed their properties to change against light stimulation. These
biomolecules underwent predictable folding or unfolding in a biological context. For
instance, if the light is used for disruption, biomolecules functionalized with azoben-
zene such as deoxyribonucleic acid and peptides can undergo substantial conformational
changes upon isomerization, leading to designed and reproducible changes in bio-material
function [164,165]. Asanuma et al. reported for the first time the concept of chemical
incorporation of an azobenzene derivative that could modulate the melting temperature
of DNA throughout the double helix disruption. As a proof-of-concept, a NP whose
surface was decorated with a peptide ligand (YIGSR) and inactivated by caging with 4,5-
dimethoxy-2-nitrobenzyl (DMNB) photocleavable group demonstrated phototargeting. In
the absence of light, the NPs did not bind to cells, but when irradiated at 365 nm, the DMNB
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group was cleaved from the YIGSR, allowing the NPs to bind to cells bearing integrin 1,
the target for YIGSR. Since integrin 1 is widely distributed on many cell types throughout
the body, this approach could, in theory, allow NPs to bind specifically to any tissue that
can be irradiated. This approach also has the advantage over conventional ligand-targeted
monotherapies of not requiring a tissue-specific ligand or even not requiring knowledge of
a tissue-specific disease marker [153].

Despite the versatility of LRNs to fight diseases, most of the work carried out focuses
on cancer, so we will focus on the findings on this pathology and ultimately the use of
functionalized LRNs for other pathologies classified according to the targeting biomolecule
as follows.

7.2.1. DNA-ARN Functionalized NPs

Cheng et al. [166] successfully developed a dual light- and temperature-responsive
end-capped poly(propylene) glycol (BU-PPG) polymer that spontaneously self-assembled
to form micelle-shaped NPs in phosphate-buffered saline (PBS) via supramolecular in-
teractions among uracil moieties. Functionalization was achieved using an aza-Michael
addition reaction in the presence of potassium, invoking cooperative assembly of the
BU-PPG upon association with the nucleobase adenine derivative methyl 3-(6-amino-
9H-purin-9-yl) propanoate (A-MA). To proof-of-concept of phototargeting, an increase
in temperature above NPs significantly accelerated the release of A-MA from irradiated
micelles due to the destruction of the hydrogen bonds between the A-U base pairs. These
findings further suggest that the introduction of complementary interactions and photo-
sensitive uracil moieties into water-soluble supramolecular structures could be employed
to safely deliver nucleobase-complementary molecular drugs to the slightly higher temper-
ature microenvironment of solid tumors and effectively minimize the premature release of
the A-MA at average physiological temperature.

Kang et al., 2011 [167] described a photoresponsive DNA-crosslinked hydrogel devel-
opment, whereas photosensitive azobenzene moieties were incorporated into DNA strands
as crosslinkers photoregulated by two wavelengths with a reversible sol-gel conversion.
A photoresponsive azo-incorporated DNA crosslinker was synthesized individually by
photo-initiated polymerization of 5′ acrydite-modified oligonucleotide monomer mixed
with acrylamide. This LRN was used for precisely controllable encapsulation and release by
irradiation at 450 nm the chemotherapy drug doxorubicin in an in vitro model. The results
showed a net release rate of 65% within 10 min, while the released drug maintained its
therapeutic effect. This hydrogel system provides a promising platform for drug delivery
in targeted therapy.

7.2.2. Peptides and Proteins

The active targeting is achieved by molecular recognition of the targeted cells/tissues
by various signature molecules overexpressed at the diseased site via the ligand-receptor,
antigen-antibody interactions being peptides and proteins widely explored for functional-
ization of NPs. Biomarkers preferentially expressed on newly formed blood vessels in tu-
mors, such as the vascular endothelial growth factor (VEGF) and the apha(v)beta(3)integrin
(αvβ3), are also common. Among biomarkers, the integrin ligands have been widely
studied. For example, the Arg-Gly-Asp (RGD) is a tripeptide that can mimic cell adhesion
proteins and bind to cell-surface receptors [130]. Peptides in connection to hydrogels offer
alternatives for the design of LRNs [168,169]. By modifying agarose hydrogels with photo-
sensitive S-2- nitrobenzyl-cysteine, selectively removed the desired region by high-intensity
light from a UV laser, releasing the reactive sulphydryl groups. Maleimide terminated
biomolecules were patterned within the functionalized agarose gel channels by reacting
with free sulphydryl groups. RGD peptides were immobilized within the exposed region
as demonstrated by selective spreading and migration of dorsal root ganglia cells. This
strategy enabled the formation of spatially selective peptide-modified microstructures
within hydrogel matrices.
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CPPs can be used for the intracellular delivery of a wide variety of cargoes.
Shamay et al. [55] showed that modification of the CPP cationic residues with photolabile
caging molecules that neutralize its charges would lead to conditional light-dependent cell-
penetrating functionality. They described two carrier systems for dye and drug-delivery,
based on the N-(2-hydroxypropyl) methacrylamide (HPMA) copolymer scaffold that could
be selectively transported into cancer cells following light-dependent uncaging of the
caged CPP. An amine-terminated cCPP was coupled to a FITC-labeled HPMA copolymer
precursor having active p-nitrophenyl ester groups. Once illuminated by UV light, these
protecting groups were cleaved, the positively charged CPP regained its activity and fa-
cilitated rapid intracellular delivery of the polymer-dye or polymer-drug conjugates into
cancer cells.

Three-dimensional biomolecular patterning within hydrogels can also provide a
biomimetic environment for in vitro cell culture. Shoichet et al. [81,170] created 3D
amine patterns within an agarose hydrogel by chemically bonding it with 6-bromo-7-
hydroxymethyl coumarin protected amine, which was subsequently uncaged using a
two-photon laser [170]. Proteins have also been patterned within gels using similar meth-
ods. For example, immobilization of fibroblast growth factor-2 (FGF2) was achieved using
two synthetic schemes. One approach was to form disulfide bonds between FGF2 and
agarose gels directly by uncaging coumarin-4-yl-methyl protected thiol groups. An alter-
native strategy was to use a two-step binding procedure in which maleimide-modified
human serum albumin (HSA) was immobilized and reacted with an albumin-binding
domain fusion protein (FGF2) [170].

Han et al., 2015 [171] developed a complex structure, a pH-sensitive chimeric peptide
Fmoc-12-aminododecanoic acid-H8 R8 -PLGVR-PEG8 to co-deliver a protoporphyrin IX
(PpIX) photosensitizer and a DNA plasmid simultaneously. At physiological pH and in
the presence of matrix metalloproteinase-2, the hydrolysis of a peptide Pro-Leu-Gly-Val-
Arg-NH2 (PLGVR) sequence and exfoliation of PEG resulted in uptake of the carrier by
tumor cells (rich in matrix metalloproteinase-2). The peptides were synthesized using the
standard fluorenylmethyloxycarbonyl solid-phase synthesis method, and PpIX loaded
chimeric peptide was prepared via a solvent evaporation method. This uptake was followed
by two-step light irradiation: (1) short-term illumination for endosomal escape due to
the proton-sponge effect of H8 and the photochemical internalization PCI effect of PpIX
aimed at improving plasmid DNA expression, and (2) long-term irradiation to activate
the phototoxicity of PpIX. It was concluded that the dual step light therapy could address
the bottlenecks of synergistic treatment such as endosomal escape, interference among
antitumor drug toxicities, cell bioactivity, and gene transfection.

Compared with enzyme-sensitive cleaving mechanisms, the specificity and efficiency
of a photo-cleavable group offer modular chemical approaches for rationally designing
selective cell-penetrating nanostructure-based new therapeutic agent delivery systems from
photo- and pH-responsive polypeptides (PPPs), which transport cargos more efficiently to
target tumor cells [3]. The PPP system includes a CPP sequence (CGRRMKWKK), a photo-
decomposable group (4,5-dimethoxy-2-nitrobenzyl group) and a pH-sensitive inhibitory
peptide (EEEERRRR). CGRRMKWKK is a CPP derived from Penetratin that can enhance
membrane translocation efficiency. The cell penetration ability of CPPs was effectively
shielded by the opposite electric charges within the pH-sensitive inhibitory peptides in
circulation. Upon NIR irradiation at the tumor position, the photosensitive group was
cleaved, while the pH-sensitive inhibitory peptide eliminated the electrostatic attraction at
a lowered pH simultaneously. After cleaving the linker and eliminating the electrostatic
attraction, the PPP could release its inhibitory peptides to expose the CPPs [172].

7.2.3. Antibodies

The antibodies represent the most efficient ligands due to their high affinities and abil-
ity to recognize a specific part of their target. Hong et al. assembled a LRN from fluorescent
copolymer, poly(benzo[1,2-b:3,4-b′] difuran-alt-fluorothieno-[3,4-b] thiophene) (named
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‘pDA’) and phospholipid–PEG [173]. The obtained pDA-PEG NPs were successfully used
as a fluorescent label for molecular imaging of cancer cells at N1000 nm by functionalizing
with Cetuximab (Erbitux) for targeting EGFRs on the cell membranes of EGFR-positive
breast tumor MDA-MB-468 cells. Cetuximab antibodies were then thiolated and conjugated
to pDA-PEG-NH2 via standard crosslinking reaction between the -NH2 groups on the
polymer and -SH groups on the thiolated antibody. More importantly, the high quantum
yield of the pDA-PEG NPs affords in vivo, deep-tissue, and ultrafast imaging of mouse
arterial blood flow (Figure 6).
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Figure 6. (a) Schematic illustration showing the structure of pDA-PEG-Erbitux bioconjugate, where
the anti-EGFR antibody (Erbitux) selectively targets EGFR on the cell membrane of an MDA-MB-
468 cell. White-light (b) and NIR-II (c) fluorescence images of EGFR-positive MDA-MB-468 cells
incubated with the pDA-PEG-Erbitux bioconjugate, showing positive staining of cells. White-light
(d) and NIR-II (e) fluorescence images of EGFR-negative U87-MG cells incubated with the pDA-
PEG-Erbitux bioconjugate, without evident staining of the cells. The scale bar is 40µm. (f) Average
NIR-II fluorescence of EGFR-positive MDA-MB-468 cells and negative U87-MG cells, showing a
positive/negative ratio of ~5.8. The error bars in f are the s.d. of average fluorescence intensity from
20 cells in each NIR-II fluorescence image. Reprinted with permission from [173]. Copyright 2014
Springer Nature.

Multifunctional targeted polymeric (NPsT) and the combination of photothermal
therapy (PTT) and targeted chemotherapy can produce much more significant cytotoxicity
than chemotherapy. NPsT loaded with indocyanine green (ICG) and doxorubicin (DOX)
for the targeted photoacoustic imaging and photothermal ablation of oral cancer cells
were developed. The chemokine SDF-1, a specific antibody, was conjugated to NPs by the
carbodiimide method. The NPs were automatically targeted to tumor tissue in vitro and
in vivo through CXCR4-SDF-1 interactions.

In vitro and in vivo experiments showed that the multifunctional NPs had excellent
photoacoustic imaging characteristics and PTT capabilities. The photothermal material
heated rapidly after laser irradiation, and the resulting heat increased cell metabolism and
membrane permeability, which increased cellular NP uptake. The thermal energy generated
by the heating of the material by laser irradiation and the DOX released after the phase
change in the material exerted a dual killing effect on tumor cells. In vivo experiments
showed that laser irradiated NPs could effectively inhibit the growth of cancer cells and that
targeted NPs could accumulate in tumor tissues for a long time [174]. This photothermal
NP is a flexible platform that can be readily adapted to, e.g., SARS-CoV-2 antibodies and
extend to novel therapeutic proteins. Recently, it was incorporated neutralizing antibodies
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conjugated on the surface of photothermal NPs to capture and inactivate SARS-CoV-2 [175].
The photothermal NPs consist of a semiconducting polymer core and a biocompatible PEG
surface decorated with neutralizing antibodies. Such NPs displayed efficient capture of
SARS-CoV-2 pseudoviruses, excellent photothermal effect, and complete inhibition of viral
entry into ACE2-expressing host cells via simultaneous blocking and inactivating the virus.

Due to the limitations of UV light stimulation, NIR light stimulation has become an
alternative, so there are currently several polymeric NPs functionalized with peptides or
proteins that use this type of stimulus to enhance their biomedical action [23]. For example,
in cancer, PTT has attracted increasing attention. NIR is always used for PTT treatment
with less biological toxicity and superior tissue penetration depth (e.g., more than 1 mm
upon 808 nm irradiation) [3]. Recently, an anticancer platelet-based biomimetic formu-
lation (N+R@PLTs) functionalized LRN stimulated with NIR irradiation was developed,
integrating photothermal NPs (N) and immunostimulators (R) into platelets (PLTs). A
block copolymer, naphthalene diimide-bithiophene derivative (NDI-BT), was designed
as the photothermal material for this construction. Then, the N NPs were synthesized
and imported into PLTs together with the immunostimulator R837 hydrochloride (R) to
construct the engineered PLTs (N+R@PLTs). After intravenous injection, N+R@PLTs func-
tioned as circulating sentinels in the bloodstream, having a sensitive response to vascular
damage, as defects always weaken the junctions among vascular endothelial cells in the
vicinity of tumor tissue. To functionalize the photothermal NPs with additional PLT re-
sponsiveness and immunogenicity, the NPs were then decorated with biotin, while CD42a
protein on the PLT membrane was pretreated with avidin-labeled anti-CD42a antibody.
They hypothesized that the highly specific biotin-avidin interaction would trigger the bind-
ing of NPs to anti-CD42a antibodies, promoting the uptake of the NPs into PLTs via the
CD42a molecules. After irradiation with NIR, local hyperthermia resulted in acute vascular
damage, which subsequently inducted an aggregation cascade to form an occlusion at the
tumor vessel [176].

7.2.4. Smaller Molecules
Polymers

Surface modification with relatively smaller molecules is another promising applica-
tion for o-nitrobenzyl-based photocleavable linkers. In this embodiment, o-nitrobenzyl
groups can connect functional polymer chains to substrates. Hydrophobicity protein im-
mobilization [177] and cell adhesion [178] to substrates can be controlled by photosensitive
materials that can be cleaved using external light [179]. They can be synthesized from pho-
tocleavable PEG-lipid by adding a photolabile o-nitrobenzyl linker between PEG chains
and oleyl groups. Oleyl moieties bond to nonadherent cells via insertion into the cell
membranes. Therefore, selective removal of oleyl groups from PEG chains prevented cell
adhesion and promoted detachment from photoresponsive substrates. Micropatterned cell
populations were created by selectively exposing the PEG-lipid-coated surfaces to light
using a photomask. Cells aggregated in masked regions and detached in exposed regions.

A photo-activatable ternary complex consisting of multifunctional shielding material
(MSM) with photosensitizer (PS)-conjugated chondroitin sulfate (CS) and PEI-based binary
complexes containing EGFR-plasmid vector based-small hairpin RNAs (shRNAs) for CD44
targeted cancer therapy was developed. The CS molecule was used as a physiologically
specific glycosaminoglycan composed of alternating units (N-acetylgalactosamine and
glucuronic acid) conjugated to the polymer by DCC reaction, whichwasuptake by cancer
cells via CD44 receptor-mediated endocytosis,. The treatment of HCT116 cells highly
expressing CD44 receptors with PEI-PhA-CS-shRNA, irradiation at 633 nm and a 0.5 J/cm2

induced EGFR gene silencing up to ~85%. In addition, the combination of PEI-PhA-
CS-shRNA and photoirradiation at 30 J/cm2 inhibited the tumor growth in HCT116
tumor-bearing BALB/c nude mice [180].

Ma et al. [181] used a star-shaped polymer consisting of a porphyrin core and arginine-
modified 3rd generation dendron arms. A star-shaped copolymer (PP-PLLD-Arg) with a
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photochemical uptake effect consisting of a porphyrin (PP) core and arginine-functionalized
poly(l-lysine) dendron (PLLD-Arg) arms had was used to co-deliver docetaxel (DOC)
and MMP-9 shRNA plasmid for nasopharyngeal cancer therapy. The functionalization
of Arg-PPLD used amide bond formation with 1-hydroxy benzotriazole (HOBt) and o-
benzotriazole-N,N,N0,N0-tetramethyluronium hexafluorophosphate (HBTU). NPs could
bind to hydrophobic DOC because of their amphiphilic nature and bind to anti-MMP-
9 shRNA plasmid through electrostatic interactions. With a diameter of 150 nm, the
complexes had better blood compatibility and lower cytotoxicity in vivo. After treating
the cells with complexes, MMP-9 mRNA and protein expressions decreased by ~20%
compared to those treated with PBS. After irradiation at 435 nm and 1.26 J/cm2, MMP-9
protein expression was about 50% lower in the cells treated with complexes. In addition,
co-delivering DOC and anti-MMP-9 shRNA plasmid into the polymer complex could
induce cell apoptosis effectively.

Bioactive Molecules

Yuan et al. [182] designed an a-type amphiphilic polymer, octadecyl-PEG(biotin)-(o-
nitrobenzyl)-octadecyl chain, with a photocleavable group placed between the PEG(biotin)
and the octadecyl end. The polymer formed micelles with a flower-like structure where
the biotin moiety was anchored between the micelles’ hydrophobic core and hydrophilic
shell. Cu-catalyzed azide-alkyne cycloaddition (CuAAC) click chemistry was utilized to
connect amphiphilic polymers with photocleavable PEG(biotin). Irradiation at 365 nm
resulted in the cleavage of the o-nitrobenzyl group, which promoted the migration of biotin
to the micelle surface, enabling ligand-receptor-mediated targeted drug delivery in human
cervical cancer cells (HeLa cells) with over-expression of biotin receptors. Folate is a B
vitamin and micronutrient for humans that can bind to the folate receptor through ligand-
receptor interactions [61]. The folate receptor has been studied widely as a molecular target
for cancer therapy. A novel type of theranostic NP folate-receptor-targeted laser-activable
PLGA NPs loaded with paclitaxel (Ptx)/indo-cyanine green (ICG)-folic acid-polyethylene
glycol (PEG)-PLGA-Ptx@ICG-perfluorohexane (Pfh) uses safe and approved materials
and drugs to facilitate clinical translation. With laser irradiation, highly efficient PTT can
be achieved. Additionally, targeted NPs can be activated by NIR laser irradiation at a
specific region, which leads to the sharp release of Ptx at areas of high folate-receptor
expression and ensures a higher Ptx concentration within the tumor region, thereby leading
to chemo/photothermal synergistic antitumor efficacy [183].

Other particles that use FA as a functionalization biomolecule were proposed by
Senthilkumar based on a photo-responsive poly(p-phenylene vinylene) functionalized with
donor-acceptor Stenhouse adduct (DASA) and FA units for controlled drug delivery, release
and imaging. FA was conjugated by the EDC reaction [184]. Upon visible light irradiation
at 550 nm, NPs underwent structure, color, and polarity changes simultaneously swell and
opened-up NPs to release camptothecin (CPT) and DOX encapsulated anticancer drugs
into the medium and cells. There was favorable fluorescence resonance energy transfer
(FRET) from backbone to DASA units boosting the fluorescence imaging performance.
Since the light triggering synchronized the structural and significant polarity changes
of NPs, they showed excellent cell viability and chemical stability in dark conditions.
This strategy enabled remotely controlled drug delivery and released with visible light
irradiation compared with other light trigger approaches (Figure 7).
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Figure 7. (a) The chemical structure of PPV-ST conjugated polymer and its structural change under
visible light (λ = 550 nm) irradiation; (b) Schematic representation of the formation of drug-loaded
PPV-ST-NP nanoparticles and structural change upon irradiation with visible light (λ = 550 nm)
leading to the drug release in cells. Reprinted with permission from [184]. Copyright 2018 John Wiley
and Son.

Novel and photoresponsive hyaluronate (HA) nanogel cages with programmed drug
release properties and selective targetability for tumor cells upon irradiation with a UV
light have been proposed. HA, a naturally occurring polysaccharide, can bind to the
overexpressed CD44 receptor on the surface of various tumor cells. HA nanogels were
prepared from photolabile 4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy) butyric acid
(HMNB). HMNB was simply grafted to HA by using DCC and DMAP as catalysts. Pho-
toactivation allowed accelerated DOX drug release from uncaged nanogels, improving KB
tumor-cell-killing efficacy when this system was associated with local light irradiation [185].



Polymers 2021, 13, 2464 34 of 42

Sugars

Finally, compared with common antigen-antibody recognition, multivalent sugar-
protein binding has received much attention to fabricating targeted LRNs, having lower cost
and lower immunogenicity. A third-generation propargyl focal point poly (amidoamine)
dendron (D3) was used to afford the dendritic amphiphile D3-poly(ε-caprolactone) (PCL)
with multiple NIR-sensitive diazonaphthoquinone (DNQ) groups (D3-PCL-DNQ). DNQ
and sugar groups were modularly synthesized by utilizing click chemistry. As a result, the
DOX anticancer drug could be released in a controlled manner by changing the light irradi-
ation time because of the light-triggered disruption of micelles in an aqueous solution. The
sugar-coated micelles further demonstrated specific binding with lectins, rendering them
useful for targeted drug delivery vesicles [186]. A combination of sugar-based targeting
and two-photon sensitivity within the same nanocarrier was described. In such constructs,
the light-responsive groups could be modularly conjugated and/or altered. Kabanov and
coworkers described a very attractive concept for designing photosensitive polymeric
nanocarriers through the electrostatic association between an azobenzene-containing sur-
factant and the PEG-b-poly(acrylic acid) double-hydrophilic block ionomer [187]. Such
complexes self-assembled in aqueous solution and formed vesicle-like aggregates com-
posed of a PEG corona and a poly (acrylic acid) shell attached to azobenzene. The photoi-
somerization of azobenzene, triggered by light, reversibly altered the amphiphilicity of the
surfactants and induced the vesicle disassembly.

Similarly, two photo-responsive core/shell NPs based on hyperbranched polyglycerol
(hPG) were synthesized to control DNA release. The shell was composed either of bis-(3-
aminopropyl) methylamine (AMPA) or pentaethylenehexamine (PEHA) derivatives and
was attached to the hPG core with a photo-responsive o-nitrobenzyl linker. The cleavage
was complete by irradiation at 350 nm for 2 min, which showed the high potential of
light-sensitive, multivalent amine-functionalized polymers for drug and gene-delivery
applications [187].

8. Photosensitive Nanofibers

Polymeric nanofibers have rapidly become widely utilized nanostructured materials
with high structural integrity. Because of their large specific surface, low weight, chemical
specificity, and mechanical flexibility have already been used in numerous areas. Polymeric
nanofibers have used biomolecules conjugated with photostimulation to improve their
specificity. Several studies demonstrate photocage molecules in nanofibers [188–190],
but very few are functionalized with biomolecules. In 2012, Ogawa et al. developed
a novel sugar-decorated nanofiber prepared by self-assembly of low molecular weight
hydrogelators composed of azobenzene and disaccharide lactones. Lectin-binding and cell
adhesion assays revealed that the nonreducing ends of the conjugated sugar moieties were
exposed on the surfaces of self-assembled nanofibrous hydrogels, effectively recognized
by the corresponding lectins. In addition, photoisomerization of azobenzene under UV-
irradiation induced the sol-gel hydrogel transition [191].

Henke et al. provided a facile and scalable strategy for preparing nanostructured
biotinylated materials with porphyrin photosensitizers by a three-step functionalization
of pristine electrospun polystyrene nanofiber membranes. It opened up numerous possi-
bilities for functionalizing surfaces of polystyrene nanofiber membranes with biologically
active compounds, as biotin residues strongly bind streptavidin and avidin derivatives.
A streptavidin-HRP conjugate, used as a model compound, demonstrated to preserve
enzymatic activity after binding to the nanofiber membranes enriched by an ionically at-
tached cationic photosensitizer, generating antimicrobial singlet oxygen under the exclusive
control of visible light [192].

9. Current Challenges, Opportunities, and Concluding Remarks

This review thoroughly summarized the development of light-induced functional
nanocarriers, highlighting their potential as a promising therapeutic strategy for site-
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specific delivery of drugs. Significantly challenges still exist when designing functional
polymeric nanocarriers to exhibit biocompatibility and biodegradability with innocuous
degradation products. Reproducible features via synthesis, functionalization, or crosslink-
ing are mandatory.

The creative design of photocontrolled NPs has allowed control over the drug deliv-
ery process using noninvasive and spatial stimulation. Yet, its potential for translational
applications and convenience is still an open question to be addressed, e.g., UV light has
substantial limitations for in vitro and in vivo applications. Many biological molecules
absorb these energetic wavelengths directly, preventing substantial tissue penetration and
causing undesirable photochemical reactions. In addition, a challenge to achieve the con-
trollable and reproducible fabrication of the light-activatable polymeric nanoformulations
is the use of organic solvents, exotic catalysts, free radicals, and transition metal complexes
that must be minimized or eliminated during material synthesis.

UV-vis and visible light to stimulate unspecific LRNs are predominant in literature.
However, the use of deeper tissue penetrating NIR-light or enhancement of NPs specificity
by using coating biomolecules promises to advance this technology towards the clinic.
Complex macromolecular architectures and efficient coupling methods conjugated to the
discovery of biologically active ligands may offer opportunities to get a vast collection
of targeted systems. Their successful application against many different pathologies
has demonstrated their great potential for developing personalized nanomedicines of
the future.

Implementation of functionalized nanocarriers in patients requires the previous inves-
tigation of safety, biodistribution, and pharmacokinetics/pharmacodynamics in multiple
animal species. However, the cost could represent a limitation for translation from the
bench to the clinical. By handling nanocarriers’ surface characteristics and stealth prop-
erties, they can be transformed into smart platforms containing therapeutic and imaging
agents for delivering drugs to specific cells and tissues and providing alternatives of
controlled-release therapy. The continuous ongoing research on functionalized NPs en-
visions to improve the prevention, diagnosis and treatment of diseases. Photocontrolled
functionalized systems allow unprecedented control over the delivery process using a non-
invasive and spatially and temporally controllable external stimulus, holding the potential
for site-specific drug delivery versatile alternatives.
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