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Cancer is one of the diseases with the highest mortality rate. Treatments to mitigate cancer
are usually so intense and invasive that they weaken the patient to cure as dangerous as
the own disease. From some time ago until today, to reduce resistance generated by the
constant administration of the drug and improve its pharmacokinetics, scientists have
been developing drug delivery system (DDS) technology. DDS platforms aim to maximize
the drugs’ effectiveness by directing them to reach the affected area by the disease and,
therefore, reduce the potential side effects. Erythrocytes, antibodies, and nanoparticles
have been used as carriers. Eleven antibody–drug conjugates (ADCs) involving covalent
linkage has been commercialized as a promising cancer treatment in the last years. This
review describes the general features and applications of DDS focused on the covalent
conjugation system that binds the antibody carrier to the cytotoxic drug.
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1 INTRODUCTION

The drug delivery system (DDS) is a strategy used to improve the target delivery or to control the
release of pharmaceutical products in patients (Vega-Vásquez et al., 2020; Jeong et al., 2021a), which
has been broadly accepted in the pharmaceutical industry. During the design and development of
DDS, two main features are needed: drug targeting and controlled release (Volpi et al., 2021). The
first is related to the area where the expected drug arrives, and the second feature is related to two
variables: rate and time of drug release. In other words, a DDS is defined by the rate and the time it
takes to release the drug in a specific area (Ojediran and Raji, 2010; Jeong et al., 2021b).

Regarding DDS development, the oral or intravenous route has been the most traditional drug
delivery administration (Ojediran and Raji, 2010; Briolay et al., 2021), although others, including
intranasal administration have also been developed in the last few years (Zhang et al., 2021c).

The main goal of DDS is to reduce the side effects usually caused by treatments and, therefore,
allow the use of even more toxic drugs and improve the chemical stability of the drugs. Although
cancer has traditionally been the target for DDS, the advent of the new era of oligonucleotide-based
drugs is rapidly extending the use of DDS for treating other medical targets. Current cancer
treatments are usually not very specific, affecting organs and tissues damage and the healthy others
that weaken the patient so that cure can sometimes be as dangerous as the disease. DDS tries to
maximize the drugs’ effectiveness by aiming them to a specific area affected by the disease (Xue et al.,
2021).
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In this context, novel techniques based on chemical
conjugations have been carried out to find selective and
effective DDS. Recently, a broad range of hybrid covalent
entities based on biomolecules and nanoparticles covalently
linked to the drug have been developed as efficient drug
carriers (Figure 1). Some of them, precisely eleven ADC’s
have been commercialized. The present review focuses on
those systems designed and prepared through the chemical
conjugation of drugs with specific carriers. The fundamental
approach to DDS obtained through chemical conjugation
using erythrocytes, antibodies, and nanoparticles in the last
years are summarized. The main features and their efficiency
as therapeutic agents are discussed, focusing on commercialized
ADC entities.

2 DRUGS DELIVERY SYSTEMS BASED ON
CHEMICAL CONJUGATION

DDS has been developed to find effective and selective entities to
counteract several human diseases and avoid or minimize side
effects. Bioentities such as erythrocytes or antibodies have been
used as biocarriers. On the other hand, nanoparticles as a
conveyor in DDS are also summarized (Figure 1).

2.1 Erythrocytes (Red Blood Cell) as a
Carrier in Drug Delivery Systems
Blood is one of the most critical components of the circulatory
system. It is responsible for irrigating the entire human body, and
erythrocytes, also called red blood cell (RBC), are the most
numerous cells present in the blood. RBC transport and
exchanges oxygen and carbon dioxide between the lungs and
tissues of other organs (Weisel and Litvinov, 2019). Erythrocytes

are biocompatible, biodegradable, and nonimmunogenic, making
them enjoyable to use in DDS development (Glassman et al.,
2020; Zhang X. et al., 2021). The first report of DDS based on
erythrocytes described the Daunorubicin linked through a
chemical bond to nanoerythrocytes using glutaraldehyde as a
homodifunctionalized linking arm. It was observed that the
cytotoxicity of the conjugated drug was higher than the free
drug when assessed on the P388D1 cancer cell line (Lejeune et al.,
1994).

Erythrocytes are being successfully used in some
pharmacological therapies due to their potential to transport
molecular cargos in three different ways, inside it (embedded),
physically adsorb nanocarriers onto its surface (RBC
hitchhiking), or chemically linked to drugs (Villa et al., 2017;
Alapan et al., 2018; Luo et al., 2021). We highlighted the third way
in which chemical conjugation is present.

Ganguly et al. reported erythrocytes and tissue plasminogen
activator (tPA or rPA) conjugation through a streptavidin-biotin
technique in thromboprophylaxis. Before conjugation between
erythrocytes and tPA/rPA, biotinylation of both biomolecules
was carried out (Ganguly et al., 2005; Ganguly et al., 2007).
Biotinylation is most commonly performed through chemical
means, although enzymatic methods are also used. Nowadays,
many biotinylation reagents are available, so chemical methods
provide greater flexibility in the type of biotinylation needed. All
biotinylation reagents have similar features, where the biotin
group is present, but a reactive moiety gives biotinylation
reagents distinct characteristics that are ideal for different
types of experiments (Figure 2A) (Halfon-Domenech et al.,
2011; Samavarchi-Tehrani et al., 2020). Because biotin has an
extremely high affinity to the protein streptavidin, biotinylated
erythrocytes (b-RBC) join streptavidin (SA) noncovalently, and
the hybrid obtained entity is then conjugated to biotinylated
alteplase (b-tPA) or alteplase (b-rPA) (Figure 2B). The final
conjugate made it possible to improve the resistance of tPA to
PAI-1 inhibitors, and hence these have a longer intravascular life
(Ganguly et al., 2007). The conjugation of urokinase plasminogen
activator (scuPA) to RBC as a carrier has also been reported using
the same avidin-biotin technique (Murciano et al., 2009). The
purpose of the conjugation of both receptors (b-RBC and b-tPA/
b-rPA) is to prevent blood coagulation called
thromboprophylaxis.

In the same way, a multifunctional DDS based on RBCs for
magnetic field-enhanced drug delivery and imaging-guided
combination therapy of cancer has been described (Wang
et al., 2014). Biotin was covalently linked to RBC, and iron
oxide nanoparticles (IONPs) coated with chlorine e6 (Ce6), a
clinically used photodynamic agent, were attached to the
membrane of the RBCs through avidin-biotin binding. Then,
doxorubicin (DOX), a known anticancer drug, was loaded inside
the RBCs, obtaining a DOX@RBC-IONP-Ce6-PEG structure
with a long blood-circulation time and robust responses to the
external magnetic field (Wang et al., 2014).

Another example of erythrocyte use in DDS was reported by
Lorentz et al. (2015), which described the conjugation of Escherichia
coli L-asparaginase-II (ASNase) with some copies of glycophorin
A-binding peptide (ERY1). The procedure started with the chemical

FIGURE 1 | Drug delivery system (DDS) components.
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conjugation between Lys residues of ASNase and peptide ERY1 using
succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(SMCC) as a linker (Figure 3A). SMCC is one of the most useful
bifunctional linkers used in bioconjugation, allowing the first reaction
via amide formation (free amines from biomolecule or cargo and
succinimidyl ester from SMCC). Then, the maleimide moiety would
react with sulfhydryl groups of another entity (biomolecule or
payload). After that, high-affinity binding of ASNase to
erythrocytes was achieved through chemical conjugation of several
copies of glycophorin A–binding peptide (ERY1). This peptide
(ERY1) was conjugated to ASNase through its cysteine residue
(Lorentz et al., 2015) (Figure 3B).

The conjugation described earlier reduces the development of
antibodies because it induces antigen-specific tolerance.
Erythrocytes conjugated with ASNase have a drug
pharmacodynamics effect more significant than ASNase
administrated alone. Grimm et al. (2015b) used the same
ERY1 peptide chemically conjugated the erythrocyte to
ovalbumin through sulfosuccinimidyl-4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (Sulfo-SMCC) as a linker. This
conjugation improved the response of CD4+ and CD8+ T cells
to an antigen because these induced an antigen tolerance (Grimm
et al., 2015a; Glassman et al., 2020).

2.1.1 Erythrocytes Based Drug Delivery Systems and
the Market
Nowadays, there are no FDA-approved conjugate erythrocytes, but
there are studies related to drugs encapsulated in erythrocytes in
phases I, II, and III, such as those related to the dexamethasone-21-

phosphate in ataxia-telangiectasia, asparaginase in pancreatic cancer,
lymphoblastic leukemia, thymidine phosphorylase in mitochondrial
neurogastrointestinal encephalomyopathy and RTX-134 in
phenylketonuria (Rossi et al., 2020; Javed et al., 2021). In clinical
trials, none of the conjugates include covalent bond formation in their
preparation. The studies bet on the encapsulation of the drug or the
mixture of drugs, using the erythrocytes as a carrier (NCT03267030,
2021; NCT02195180, 2014; Hammel et al., 2020; Rossi et al., 2020).

The DDS based on erythrocytes is complicated to bring to market
because it needs to fulfill a pharmaceutical product’s parameters.
Among specifications that make complex their market development
are: 1) cell material source, which refers to the erythrocytes that come
from analogous or homologous donated blood; 2) manufacturing
process, which refers to the sterility of the cell suspension and the
reduction of leukocytes; 3) product storage, regarding the solution
where the erythrocytes are reserved to their prompt administration
because they tend to degrade, as well as the problems associated with
prolonged release of the cargo, and the potential interactions between
cargo and erythrocytes (Bourgeaux et al., 2016; Rossi et al., 2020).
Probably, erythrocytes-based DDS will be approved by the Center for
Biologics Evaluation and Research (CBER) as the blood and other
similar derivatives.

2.2 Nanoparticles as the Carrier in Drug
Delivery Systems
Nanoparticles (NPs) are entities with an ultrasmall size; generally,
with dimensions less than 200 nm, these dimensions confer different
physical, chemical, or/and biological properties compared to a macro

FIGURE 2 | (A) Biotinylation reagents general structure. The reagent shown is NHS-LC-biotin, (B) a streptavidin-biotin technique using RBC as a carrier.
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or microsample for the same material (Lungu et al., 2015; the
United States Environmental Protection Agency, 2021).
Nanoparticles could be classified as inorganic and organic NPs,
where the first one involves gold and silica NPs, and the second
are related to liposomes, micelles, and polymeric NPs (De Matteis
and Rinaldi, 2018).

Some valuable features of NPs related to DDS are 1) suitable to
be used in intravenous delivery, 2) a good behavior as site-specific
drug targeting to treat several diseases, 3) a higher surface to
volume ratio as compared with bulk material would provide a
diminution in the dose of the drug and therefore a reduction in
the toxicity; and 4) a prolonged circulation in the blood among
others, which make them suitable for its use as DDS and
promising results had been reported (Werengowska-Ciećwierz
et al., 2015; Prasher et al., 2020; Cevaal et al., 2021).

Drugs can generally be aggregated on the external or internal
nanocarrier surface or linked through chemical bioconjugation.
Focused on DDS based on nanoparticles, emphasizing chemical
conjugation, different kinds of NPs as polymeric (i.e., PLGA, PLA,
PEG, hydrogel, chitosan analog), magnetic, and structures based on
carbon have been extensively described (Friedman et al., 2013; Saw
et al., 2021; Zielińska et al., 2021).

Chemical conjugation usually takes place on the surface of
NPs. Different strategies are used to conjugate NPs with drug-like
reactions. Amine-carboxyl, thiol-maleimide, thiol-thiol,
hydrazide-aldehyde, and gold-thiol are the most priceless
reactions used in the conjugation with NPs, allowed to
generate amide, thioether, disulfide, hydrazine, gold-thiol, and
triazole ring as covalent linkage, respectively (Friedman et al.,
2013; Nikezić et al., 2020). In this regard, the drug or ligand
structure determines the type of reaction (Figure 4).

2.2.1 Nanoparticles Based on Liposomes as the
Carrier in Drug Delivery Systems
NPs based on liposomes can be considered one of the most
hopeful carriers when incorporated into a controlled drug release
system (DDS).

Liposomes are spherical vesicles that can be made from a
suspension of phospholipids in a hydrophobic medium; this
solvent is slowly removed or replaced by another hydrophilic,
usually an aqueous solution, using dilution, evaporation, or
dialysis processes. This change of solvent causes the
phospholipids to self-assemble spontaneously. In this way,
they form spherical bilayers and trap a large amount of the

FIGURE 3 | Conjugation of Escherichia coli L-asparaginase-II (ASNase) with copies of glycophorin A-binding peptide (ERY1). (A) Chemical conjugation between
Lys residues of ASNase and peptide ERY1 using SMCC as a linker, (B) high-affinity binding of ASNase to erythrocytes through chemical conjugation of several copies of
glycophorin A–binding peptide (ERY1).
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FIGURE 4 | Strategies of conjugation for DDS based on the modified nanoparticle surface.

FIGURE 5 | (A) General liposome formation. (B) The general structure of DDS is based on functionalized liposomes.
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aqueous medium in which they are found. They vary in size but
are generally smaller than 400 nm. When working with drugs or
hydrophilic entities, they are trapped inside the bilayer; and the
hydrophobic remains in the phospholipid layer (Figure 5A)
(Akbarzadeh et al., 2013; Craciunescu et al., 2021; Kanojia
et al., 2022).

This carrier is one of themost studied to be used in DDS due to
liposomes’ positive features. For example, they have a high
loading level and a long time in circulation, changing drug
pharmacokinetics compared to the drug administered alone.
Liposomes as carriers are safe, biodegradable, and
biocompatible, making them beneficial to theragnostic (Sonali
et al., 2016) (Alwattar et al., 2021) even with imaging purposes
when these are conjugated with quantum dots or gold
nanoclusters (Liao et al., 2021; Yao et al., 2021).

In general, liposomes can transport drugs in different ways:
trapped inside the bilayer (hydrophilic drug), remain in the
phospholipid layer for hydrophobic drugs, and covalently link
to the liposome surface (Figure 5B). Regarding chemical
conjugation, ester and amide bonds have been extensively used
in two ways: 1) to join phospholipid to the drug and then carry
out the liposome formation; and 2) to decorate the liposome
surface.

Liposomes have been used as biocarriers, and their
conjugation with microbubbles (Chandan and Banerjee, 2018),
some proteins (Sonali et al., 2016; Wang et al., 2021), or
antibodies (Burande et al., 2020) allowed to obtain even DDS
with anticancer activity (Zhang Y. et al., 2021). Different chemical
approaches with different functional groups are used to carry out
the conjugation (Aguilar-Pérez et al., 2020), but the more used are
ester bonds that are formed between a carboxylic acid group and a
hydroxyl group that could have the drug and the lipid,
respectively. A linker or spacer such as succinic acid is used to
facilitate this conjugation (Irby et al., 2017; Palko-Łabuz et al.,
2021). Another helpful linker to lead the conjugation is a succinic
anhydride moiety due to being functionalized (Muthu et al., 2015;
Spanedda and Bourel-Bonnet, 2021).

Amide bonds are generated between a terminal carboxylic acid
of the lipid and an amine group present in the drug (Lanigan
et al., 2016; Papadopoulos and Kokotos, 2016; Sharma et al.,
2021).

NPs have been conjugated to improve the pharmacokinetic
and pharmacodynamic properties of these cargos, overcoming
inconveniences like multidrug resistance (Nikezić et al., 2020).

2.2.2 Drug Delivery Systems Based on Nanoparticles
as Marketed Drugs
Nowadays, in nanomedicine, PEGylated polymers nanoparticles
are the most used and the most available in the market. For
instance, Oncaspar® was one of the first nanotherapeutic
approved by the FDA in 1994 (U.S. Food and Drug Admins,
1994), formed by L-asparaginase aminohydrolase covalently
conjugated to monomethoxypolyethylene glycol (mPEG)
through nonspecific random PEGylation of ε-amino groups on
the lysine residues of the enzyme (Figure 6), which is used in
chemotherapy for the treatment of acute lymphoblastic leukemia
(ALL) (European Medicines Agency). Also using PEGylation

procedures, Krystexxa® was developed in 2010 (U.S. Food and
Drug Admins, 2010). The NPs consisted of a pegloticase and
mPEG covalent conjugate and were designed to treat severe
debilitating chronic tophaceous gout (European Medicines
Agency, 2013). Four years later, Plegridy® was introduced in
the pharmaceutical market (U.S. Food and Drug Admins, 2015)
to treat relapsing-remitting multiple sclerosis (European
Medicines Agency). PEGylation of interferon beta-1a using
mPEG and O-2-methylpropionaldehyde linker was reported as
its formation reaction of NPs (U.S. Food and Drug Admins, 2015)
(EuropeanMedicines Agency). The last polymer-drug conjugated
approved was ADYNOVATE (Amin, 2008) in 2015, which is a
covalently conjugated ADVATE molecule with PEG. This
conjugate is used to treat and control hemophilia A (RxList).

Several of these pharmaceutical products with novel
technologies attract the research community’s attention.
Invega Trinza® (Daghistani and Rey, 2016), with
nanocrystal technology based on Paliperidone Palmitate
structure, releases paliperidone slowly over a long period
for the treatment of schizophrenia and schizoaffective
disorder. Sublocade® (buprenorphine extended-release)
(Daghistani and Rey, 2016) with the Atrigel technology in
situ gel-forming system polymer (biodegradable 50:50
poly(DL-lactide-co-glycolide), and a biocompatible solvent,
N-methyl-2-pyrrolidone (NMP) is thought to be a
revolutionary product administrated to treat moderate to
severe opioid use disorder. The most critical Sublocade®
disadvantage is that it can only be administered via
subcutaneous. In fact, serious harm or even death would
result if this drug is administered intravenously.

DDS based on liposomes approved by the FDA are scarce, and
most of them are PEGylated liposomes in which there is no
covalent conjugation. For instance, the antibiotic doxorubicin
used in chemotherapy was combined with liposome conjugated
with PEG (Doxil®) to improve the circulation time of the drug
and reduce toxicity (Gabizon, 2001). It was the first DDS based on
liposomes approved by the FDA in 1995 (U.S. Food and Drug
Admins, 1995). Twelve years later, Liposomal doxorubicin, in
combination with another anticancer drug, bortezomib
(Lipodox®), was developed for relapsed or refractory multiple
myeloma (U.S. Food and Drug Admins, 1995; Ning et al., 2007).
Lipodox® has not been approved yet by the FDA, but given the
shortage of Doxil, it was accepted for the importation of Lipodox®
because it has the same active ingredient, dosage, strength, and
route of administration as the aforementioned FDA-approved
drug Doxil (U.S. Food and Drug Admins, 2012a).

Additionally, some DDS based on PEGylated liposomes are
still in clinical trials, and some good examples are thermosensitive
doxorubicin in phase III, which is a promising treatment for liver
cancer (Andriyanov et al., 2014; Yang et al., 2019). Liposomal
Irinotecan in phase I could be used in advanced refractory solid
tumors, advanced esophageal squamous cell carcinoma, and
metastatic pancreatic adenocarcinoma (Chang et al., 2015;
Bang et al., 2021; Liu et al., 2021).

The nanomedicines Patisiran/ONPATTRO, VYXEOS, and
NBTXR3/Hensify have also been approved in the last few
years (Anselmo and Mitragotri, 2019). Patisiran/ONPATTRO
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could be described as RNA-delivering lipid-based nanoparticles,
which specifically inhibit hepatic synthesis of transthyretin. It was
developed and marketed by Adams et al. (2018). On the other
hand, VYXEOS is a liposomal formulation of daunorubicin and
cytarabine in a fixed combination for the treatment of adults with
newly diagnosed therapy-related acute myeloid leukemia
(t-AML) or acute myeloid leukemia (AML) with
myelodysplasia-related changes (AML-MRC) (Krauss et al.,
2019). Finally, NBTXR3/Hensify is a new class of radio
enhancer hafnium oxide nanoparticles sold by Nanobiotix
(Bonvalot et al., 2017; Bonvalot et al., 2019).

In the last years, research related to the controlled release of
drugs has moved toward the nanoscale. In this sense, several
investigations aim to develop robust nanocarriers
(nanoliposomes, polymeric, micelles, albumin-bound
nanoparticles) with various biomedical, safe, and fast-acting
applications (Anselmo and Mitragotri, 2019; Aguilar-Pérez et al.,
2020; Tang et al., 2021). Although the most marketed liposome and
NPs based DDS does not involve chemical conjugation, the broad
range of DDS applying covalent conjugation and included in
clinical trials, showed the near future of this field, promoting
DDS with good stability, low toxicity, high control of particle
size, and modulating the drug release.

2.3 Proteins as a Carrier in Drug Delivery
Systems
Proteins are high molecular weight biomolecules commonly
used to make DDS. Animal-originated proteins such as silk
fibroin, collagen, gelatin, and mainly albumin and antibodies
are proteic entities widely used for DDS (Jacob et al., 2018).

2.3.1 Albumin as the Carrier in Drug Delivery Systems
Albumin can be considered an excellent drug delivery platform
because of its biochemical and biophysical properties. Anti-
cancer drugs bound to albumin often benefit from significant
advantages, including longer circulatory half-lives, tumor-
targeted delivery, and easier administration relative to the drug
alone (Sleep, 2015; Xu et al., 2022; Xu et al., 2022). Based on the
albumin binding strategy, covalent conjugations are one of the
most used methods of drug control release. Standard methods for
direct, covalent conjugation involve binding the drug to either
lysines, tyrosines, or the free SH-group on the cysteine-34 amino
acid residue of albumin. In this regard, Etelcalcetide, a D-amino
acid peptide, undergoes reversible disulfide exchange with serum
albumin to form a serum albumin peptide conjugate (SAPC) that
is too large (67 kDa) to be dialyzed. This disulfide bond between
albumin and peptide allowed for a controlled release of
Etelcalcetide, improving its pharmacokinetics (Wu et al., 2018).

Stenzel et al. have developed several procedures to apply the
conjugation via the covalent bond of albumins with different
cargos and promote the nanocarriers formation (Jiang et al., 2014;
Dag et al., 2015; Dag et al., 2015; Taguchi et al., 2018). In this
sense, albumin was conjugated via thiol-maleimide with
maleimide functionalized poly[oligo(ethylene glycol) methyl
ether methacrylate] to generate a polymer–albumin conjugate,
which was able to condense positively charged proteins (Taguchi
et al., 2018). In addition, poly(2-dimethylaminoethyl
methacrylate was conjugated to albumin as a promising gene
carrier (Taguchi et al., 2018).

(6-Maleimidocaproyl)hydrazone derivative of doxorubicin
(ALDOX) has been conjugated to albumin through an acid
hydrolyzable linker, demonstrating in vitro activity comparable

FIGURE 6 | Pegylation of L-asparaginase to obtain a nanotherapeutic product Oncaspar
®
.
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to free doxorubicin (DOX) in breast and leukemia cell lines. The
acid cleavable linker promotes the putative drug release in the
acidic lysosome environment (Taguchi et al., 2018). The
pirarubicin (4′-O-tetrahydropyranyldoxorubicin, THP), a semi-
synthetic derivative of DOX has also been covalently conjugated
to albumin to develop pH-sensitive conjugates. Using a thiol-
maleimide coupling reaction, maleimide hydrazone derivatives of
THP were conjugated with poly-thiolated albumin using 2-
iminothiolane, via a thiol-maleimide coupling reaction
(Tsukigawa et al., 2020).

Recently, a synthetic method to access covalently bound Bis-
N-heterocyclic carbene (bis-NHC) gold(I) (Au(I) bis-NHC) with
serum albumin adducts have been developed without affecting
the metal center active site. The procedure can be described as a
post-synthetic amide conjugation that relies on the use of the new
Au(I) bisNHC complex bearing a carboxylic acid functional
group (Sen et al., 2021).

2.3.2 Antibody as a Carrier in Drug Delivery Systems
(Antibody-Drug Conjugates)
An antibody is a Y-shaped protein generated by the immune
system in response to antigens such as infectious agents or foreign
substances. Their main characteristic is its ability to bind to a
specific region or epitope of the corresponding antigen, which
allows the antibody to be specific and therefore has demonstrated
applications in the treatment of some diseases, i.e., cancer
(Whalley et al., 2018). In general, monoclonal antibodies
(mAb) are generated through the hybridoma technique
(Köhler and Milstein, 1992), which uses murine B cells and
murine myeloma cells to produce murine mAbs with a unique
specificity. The mAbs have been used to develop bioconjugation
techniques, using chimeric and humanized antibodies with
therapeutic purposes and hence in bioconjugation (Chiu et al.,
2021; Ferraro et al., 2021).

Undoubtedly, one of the most successful DDS therapeutic
alternatives is the Antibody-Drug conjugates (ADCs) due to the
high specificity of these biomolecules and the structural facility
(several functional groups available) to load the drug. For this
reason, the amount and concentration of the cytotoxic agent used
for the treatment are lower than the treatment of naked antibody
or drug only (Diamantis and Banerji, 2016; Ferraro et al., 2021;
Khattak et al., 2021). Since the objective is to focus cytotoxicity on
tumor cells, patients tend to tolerate ADC treatment for more
time. Another advantage of ADCs is that it takes more time to
develop resistance than their constituent mAb (Thery et al., 2014;
Dhritlahre and Saneja, 2021), which increases the therapeutic
window for a more aggressive fight against cancer. In general, an
ADC is formed by the mAb and the drug. Both entities are joined
through crosslinking achieved with various reactive groups such
as amines, thiols, alcohols, or even carboxylic acids present in
either mAb or drug. Another successful way to achieve
bioconjugation is the use of a linker. The linker can be a
homo- or hetero-biofunctionalized molecule, whether the
reaction occurs through the same functional group or two
different kinds. In typical homodifunctionalized crosslinkers,
conjugation occurs through the same functional group (e.g.,
conjugation between two amines or two sulphydryl groups).

On the other hand, conjugation occurs through two different
functional groups (e.g., conjugation between an amine and a thiol
group (Kostova et al., 2021).

2.3.2.1 Linker Properties
As mentioned before, the drugs could be conjugated directly to
the antibody. However, the linkers have helped prepare ADCs to
facilitate bioconjugation reactions. Among the advantages of
using a linker are preventing premature drug release,
improving the liberation of the active drug at the target, and
facilitating stability in the production process. The most
important aspect of the linker is its physicochemical
properties, which allows defining two main different kinds of
linker:

Cleavable linker: It is characteristic of breaking one of its
chemical bonds that binds the twomolecular entities. This kind of
linker has been successful in elaborating ADCs due to its stability
in the synthesis process and the blood circulation of the conjugate
for a long time. It allows the releasing of the drug under some
conditions at the surrounding of the target cell or tissue-like
overexpression of enzyme or acidic environment (Lu et al., 2016;
Ramos Tomillero, 2016; Kostova et al., 2021).

Non-cleavable linker: Its principal function is to maintain
links between biomolecule and drug. This feature represents a
more significant advantage over cleavable linkers because it has
more excellent stability in the plasma, thus increasing the
specificity. The drug will not be released outside the target
cells because the mAb degradation is carried out within the
lysosome (McCombs and Owen, 2015; Ramos Tomillero, 2016;
Kostova et al., 2021).

2.3.2.2 Chemical Conjugation
Chemical conjugation in the ADC uses covalent bond formation.
This delivery system uses a linker between the cytotoxic agent and
antibody (Parslow et al., 2016; Kostova et al., 2021). Preferred
active sites on antibodies are the amine group of a lateral chain of
exposed lysines or the sulfhydryl group of the exposed cysteines.
The covalent coupling can be made mainly through twomethods:
lysine to amide or cysteine to nucleophilic attack.

Lys amide coupling: this method binds payload and Lys
residues on the antibody using linkers containing activated
carboxylic acid active esters. However, this conjugation can
give multiple ADC species different drug-to-antibody ratios
(DAR). With a DAR around of 3-4 because a specific antibody
has an average of 10 residues of Lys chemically available of
around 80 Lys that it would have. Therefore, this way of
chemical conjugation generates a heterogeneous mixture with
some species challenging to characterize and purify, which could
provoke effects on the binding to the antigen and even on the
safety profile of the ADC (Parslow et al., 2016; Tsuchikama and
An, 2018).

Cys nucleophilic attack: this method binds payload previously
modified with the thiol-reactive group and Cys residues of the
antibody, generally using maleimide-type linkers (Parslow et al.,
2016; Tsuchikama and An, 2018). Cys are less frequent in Abs
than Lys, and there are forming disulfide bridges that are key for
the structure of the Abs. Thus, the first step in using Cys as a
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reactive moiety of the Abs is to reduce the disulfide bridges
partially. This step is critical because overreduction will lead to
the Abs’ denaturalization. For example, in the antibody IgG type
(commonly used in ADC), 16 Cys are present: twelve intrachain
and four interchain disulfide bonds. These four interchain
disulfide bonds are the target for conjugation because these
are not important for structural stability (Zakharov et al.,
2000), allowing limited conjugation sites (2-8 free thiols) due
to the reactivity of the thiol group. There is still the possibility to
end up with a heterogeneous mixture of ADC, although to a less
extent than Lys conjugation. Cys coupling has been mostly used
in clinical trials because it has a higher DAR (approximately
between 0 and 8) than Lys amide coupling. The conjugates
obtained with this technique are easier to characterize
(McCombs and Owen, 2015; Tsuchikama and An, 2018).

Regarding cancer disease, the significant advantage of these
systems is the delivery of the drug, which could have high toxicity,
directly into the tumor (Goss et al., 2018; Dhritlahre and Saneja,
2021; Ferraro et al., 2021). The possibility to combine the

favorable binding properties of mAbs with the activity of
potent cytotoxic agents promises to increase the therapeutic
index of therapeutic payloads.

Borek et al. (2018) reported a chemical conjugation of scFvF7-
Fc antibody fragment through its cysteine residues to cytotoxic
agent monomethyl auristatin E (MMAE) using a valine-citrulline
linker and a maleimidocaproyl spacer (Doronina et al., 2003). In
this case, enzymatic and selective cleave occurs in the bond
between the peptide with the termini valine-citrulline and the
corresponding drug (Figure 7A). This ADC can be internalized
into cancer cells due to its composition, i.e., the antibody and
linker. This study was carried out in search of an alternative for
treating gastrointestinal cancer, with a high incidence of mortality
and relatively short survival rates.

Recently, biophysical characterization of a DAR 8 ADC fully
conjugated at all interchain Cys residues was reported to keep the
structure and stability of the fully conjugated as an optimized and
clinically relevant second-generation monomethyl auristatin-E
(MMAE) drug-linker (Chiu et al., 2021).

FIGURE 7 | (A) Structures of the drug (MMAE) andmAb-drug conjugate. (B)Conjugation of the humanized anti-haptenmonoclonal antibody (mAb) h38C2 through
nucleophilic lysine with β-lactam derivatives (i.e., β-lactam functionalized monomethyl auristatin F (MMAF).
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On the other hand, numerous studies using Lys residues of
ADCs have been carried out. In general, Lys-mediated chemical
bioconjugation allows to obtain heterogeneous conjugates
mixtures with 0–8 DAR, and consequently, each of them has
different toxicity, pharmacokinetics, and efficacy. Although both
Cys and Lys-assisted conjugation is still used, some alternative
strategies have also been implemented to generate more
homogeneous ADCs. For example, Nanna et al. (2017)
reported the conjugation of the humanized antihapten
monoclonal antibody (mAb) h38C2 through its most
exceptionally nucleophilic Lys present at an 11-Å deep
hydrophobic pocket in their structure. The mentioned Lys is
capable of catalyzing aldol and retroaldol reactions. Thus, it can
be selectively conjugated with β-lactam derivatives (i.e., β-lactam
functionalized monomethyl auristatin F (MMAF)), generating a
noncleavable and stable amide bond until its enzymatic
degradation inside the target cells takes place (Figure 7B). The
described conjugate could avoid the premature release of the
cytotoxic agent. The other achievement of this study is generated
homogeneous ADC’s (Nanna et al., 2017).

Valine-citrulline dipeptide has been used as a linker for ADCs
such as DLYE5953A, a humanized IgG1 monoclonal antibody
that targets the lymphocyte antigen 6 complex (LY6E) conjugated
to Monomethylauristatin (MMAE) under the auspices of
Genentech and showed antitumor activity in patients with
solid metastatic tumors (Tolaney et al., 2021).

In the last years, various reports related to multiloading linkers
have proposed a novel methodology incorporating two payload
molecules into single monoclonal antibodies (mAbs). The main
idea is to generate bi or tri-functionalized linkers, in which
orthogonal reactions allow the incorporation of different
payloads using covalent bonds (Levengood et al., 2017; Kumar
et al., 2018; Zhang L. et al., 2021; Yamazaki et al., 2021).
Levengood et al. (2017) prepared a linker with sequential Cys
residues with orthogonal protection to enable site-specific
conjugation of each drug and conjugated to IgG1 through the
reduced interchain disulfides of the antibody and stable
maleimide linkage. In 2018, a novel heterotrifunctional linker
was developed by Kumar et al. (2018), providing a flexible
platform that allows the coupling of two different drugs via
copper-catalyzed azide-alkyne cycloaddition (CuAAC) and via
oxime linkage using ketone as starting functional group, but also
the conjugation to the antibody through cysteine—maleimide
reaction. Recently, a one-pot, successive reaction method to
produce dual payload conjugates with the site-specifically
engineered cysteine and p-acetyl-phenylalanine using
Herceptin (trastuzumab), an anti-HER2 antibodydrug widely
used for breast cancer treatment, as a tool molecule as another
approach to the specific conjugation of two different drugs,
improving not only the potential to overcome drug resistance
but enhance the therapeutic efficacy (Zhang L. et al., 2021).

2.3.2.3 Drug Delivery Systems Based on Antibody-Drug
Conjugates as Marketed Drugs
At present, eleven ADC’s involving chemical conjugation hold
market authorization for therapy of certain types of cancers
(Figure 8) (do Pazo et al., 2021). Adcetris® (Brentuximab

Vedotin, 2013; U.S. Food and Drug Administration (FDA),
2012b) is an antineoplastic agent used in the treatment of
Hodgkin lymphoma and systemic anaplastic large cell
lymphoma. B.V. is obtained through the covalent conjugation
of the mouse-human chimeric monoclonal antibody IgG1
antiCD30 (cAC 10), with monomethyl auristatin E (MMAE).
This ADC uses a maleimidocaproyl-valine-citruline-p-
aminobenzyloxycarbonyl linker to promote the proteolytic
cleavage by Cathepsin B. Through cysteine-maleimide
reaction, the corresponding mAb is joined to the potent anti-
mitotic agent (monomethyl auristatin E [MMAE]) (Figure 8A).
This toxin is a synthetic antitubulin analog, using an
enzymatically cleavable dipeptide linker. On average, each
antibody molecule was conjugated into four groups of MMAE.

On the other hand, Kadcyla® (Trastuzumab emtansine) (U.S.
Food and Drug Administration (FDA), 2013) is an innovative,
unique, and selective antineoplastic drug used in patients with
advanced breast cancer (HER2+). This ADC is composed of the
antiHER2 antibody trastuzumab (Herceptin®) and the cytotoxic
microtubules agent, DM1, bound through a bifunctional
succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(SMCC) as a non-cleavable linker (Figure 8B). This drug acts
selectively on HER2-positive tumors cells, exercising, on the one
hand, the mechanisms of action of the trastuzumab, and on the
other hand, the powerful cytotoxic effect of DM1. The main
advantage of this ADC is that it has a selective release, allowing it
to minimize its side effects compared to other agents for the same
pathology (Baron et al., 2015; U.S. Food andDrug Administration
(FDA), 2013).

Besponsa® (Inotuzumab ozogamicina) (U.S. Food and Drug
Adminstration (FDA), 2017a) is used in adults with acute
lymphoblastic leukemia (ALL) whose disease has stopped
responding to conventional chemotherapy (recurrence), or
never responded to it (refractory). The carrier of Inotuzumab
ozogamicina is a monoclonal antibody that attacks the CD22
protein, which is produced in excess on the surface of
lymphoblastic leukemia cells. The antibody binds to a
calicheamicin compound that kills cancer cells using a pH-
sensitive hydrazone linker (Figure 8C). Once the inotuzumab
antibody binds to CD22 in the cancer cells, the calicheamicin is
released into the cell, where it damages cellular DNA and causes
its death (Hamann et al., 2002; U.S. Food and Drug
Adminstration (FDA), 2017a).

Mylotarg® (Gemtuzumab ozogamicin) (U.S. Food and Drug
Administration (FDA), 2017b) is used for the treatment of acute
myeloid leukemia (AML), a bone marrow cancer. Conjugation is
similar to Besponsa; however, the different antibody is used. In
this case, Inotuzumab ozogamicin consists of a recombinant
humanized IgG4 kappa CD22-targeting monoclonal antibody
covalently attached to calicheamicin derivative, which is a potent
DNA-binding cytotoxic agent (Figure 8C) (Hamann et al., 2002;
U.S. Food and Drug Administration (FDA), 2017b). Mylotarg
was removed from the market in 2010 due to the high incidence
of death in the patients, but it was restituted in 2017 combined
with induction chemotherapy.

In 2019, three ADCs were approved by the FDA, Enhertu®,
Padcev®, and Polivy®. The first mentioned conjugate is indicated
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for the treatment of breast cancer that is metastatic (that has
spread to other parts of the body), or that cannot be removed by
surgery when cancer overexpresses HER2. The humanized mAb

Herceptin (antiHER2) is covalently linked to the topoisomerase I
inhibitor deruxtecanan (DXd) using maleimidocaproyl and Gly-
Gly-Phe-Gly tetrapeptide as a spacer and protease cleavable

FIGURE 8 | General structures of ADC’ are approved by the FDA. (A) Adcetris
®
, Polivy

®
, Padcev

®
, and Tivdak

®
. (B) Kadcyla

®
. (C) Besponsa

®
and Mylotarg

®
. (D)

Enhertu
®
. (E) Blenrep

®
. (F) Trodelvy

®
. (G) Zynlonta

®
. All linkers are highlighted in red.
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linker between the mAb and the cargo (Figure 8D) (Brentuximab
Vedotin (SGN35) Drug Description). Padcev® and Polivy® are
similar to Adcetris® (Figure 8A) (Process, 2019). Padcev
(enfortumab vedotin-ejfv) is an ADC with a synthetic analog
of the marine natural peptide dolastatin to treat refractory
bladder cancer. In contrast, Polivy® (polatuzumab vedotin-
piiq) is indicated to treat adult patients with relapsed or
refractory diffuse large B-cell lymphoma.

In 2020, Blenrep® from GlaxoSmithKline and Trodelvy® from
Gilead Sciences, Inc. was the ADCs approved by the FDA to treat
multiple myeloma and Metastatic triple-negative breast cancer,
respectively. Blenrep® includes an antiCD38 monoclonal
antibody, a proteasome inhibitor, and an immunomodulatory
agent joined by a noncleavable maleimidocaproyl linker
(Figure 8E), while Trodelvy® is composed of a humanized
monoclonal antibody, hRS7 IgG1κ (sacituzumab), the drug
SN-38, a topoisomerase inhibitor maleimidocyclohexyl, and a
hydrolyzable linker (called CL2A), which links the humanized
monoclonal antibody to SN-38 (Figure 8F) (U.S. Food and Drug
Administration (FDA), 2020). The synthetic platform for
Blenrep® is similar to those previously described for
PADCEV® and Polivy®. Nevertheless, the linker of Trodelvy®
involves a triazole moiety, PEG units as spacer, and lysine in its
structure chemically synthesized (The FDA-Approved
Sacituzumab Govitecan for Triple-Negative Breast Cancer |
Biopharma PEG).

Last year, Zynlonta® and Tivdak® were incorporated into the
list of conjugates FDA approved (Zynlonta FDA. Initial U.S.
Approval: 2021, 2021; Tivdak FDA. Initial U.S. Approval: 2021,
2021). Zynlonta® comprises a humanized mAb Anti CD19
conjugated to SG3199, a cytotoxic pyrrolobenzodiazepine

(PBD) dimer alkylating agent, through a protease-cleavable
valinealanine linker, and using maleimido caproyl and eight
PEG units (Figure 8G). This ADC is used for adult patients
with relapsed or refractory large B-cell lymphoma after two or
more lines of systemic therapy, including diffuse large B-cell
lymphoma (DLBCL), not otherwise specified DLBCL arising
from low-grade lymphoma, and high-grade B-cell lymphoma
(Caimi et al., 2021). Tivdak® shares the synthetic platform as
Adcetris®, Polivy®, and Padcev® (Figure 8A) but uses an
antitissue factor as mAb, becoming the first approved ADC
indicated for the treatment of adult patients with recurrent or
metastatic cervical cancer with disease progression on or after
chemotherapy (De Goeij et al., 2015; Coleman et al., 2021).

From the analysis of the recent literature (Tong et al., 2021), it
is evident that, referring to controlled drug release systems
involving chemical-assisted conjugation, the most successful to
date have been the ADCs. Despite the broad range of chemical
strategies developed to improve the payload and the ADC’s
effectiveness, the most extended is those involving cysteine
mediate maleimide conjugation with different linkers
highlighting the valine—citrulline, which allows the protease
cleavage.

2.4 Hybrid Conjugates as Carriers in Drug
Delivery Systems
DDS generally uses only one biomolecule or nanoparticle as a
carrier, which is sometimes ineffective. Scientists are conducting
various experiments where a combination of biomolecules or
biomolecules with nanoparticles has been made to find novel
hybrid systems for therapeutic use in front of a particular disease,

FIGURE 9 | (A) Lipid-Lipid and lipid-oligosaccharide conjugates. (B) Oligosaccharide-steroid conjugates: Steroid-carbohydrate conjugates by multicomponent
conjugation (MCC) of oligosaccharide to steroidal isocyanides. The most important covalent bond between entities is highlighted in red.
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especially cancer. Considering that this disease has various types,
it is impossible to have “general” DDS to treat it.

For example, in search of a conjugation brain delivery system
able to cross the blood-brain barrier (BBB), Huang et al. (2013)
studied lactoferrin (Lf) protein-like active principle conjugated to
PEGylated liposomes (PL). The hybrid conjugate was prepared
through the thiolization of Lf using Traut’s reagent, allowing to
have a sulfhydryl group at the N-terminus. At the same time, PL
was functionalized with maleimide to promote a subsequent
thioether formation between the previously thiolated Lf and
maleimide PL derivatives. Pharmacokinetics and
pharmacodynamics properties of the conjugate Lf-PL were
compared with PL, taking into account that PEGylation is
helpful to improve the properties mentioned earlier (Milton

Harris et al., 2001). The results showed a greater uptake of the
conjugate system, mediated by the Lf receptor present on the
surface of the glioblastomas (Arcella et al., 2015).

The research of Lin et al. (2017) presents an attractive DDS
base on liposomes and antibodies. It was achieved by generating a
half-antibody with free thiol groups available for the subsequent
thioether formation. Selected maleimide-pegylated liposomes
loaded with Triptolide (TPL), which has a cytotoxic effect of
reducing tumor growth, were conjugated with the mAb and
tested in lung tumor cells. Considering that carbonic
anhydrase enzyme IX is present on the lung tumor cell’s
surface, carbonic antianhydrase antibody IX conjugated to the
surface of a liposome was used to target tumors in the lungs to
improve the selectivity and precision in this type of DDS. Lung

FIGURE 10 | Peptide-peptide and carbohydrate peptide conjugation. (A) The final product of diastereoselective multicomponent ligation (MCL) of peptide and
sugar residues to chiral bifunctional building blocks, (B) final product of MLC of urea-peptide, a lipid, and aminoribosyl-5-C-glycyludrine. The most important covalent
bond between entities is highlighted in red.

FIGURE 11 | Peptide-steroid conjugation. Multicomponent conjugation (MCC) of two peptide fragments previously linked to the steroid to construct a unique
N-steroidal cyclopeptide.
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FIGURE 12 | Peptide-steroid and peptide-lipid conjugates. (A) Solid phase ligation (SPL) of lipids and steroids by resin-bound peptide (RBP) using on-resin Ugi
reaction, (B) double ligation by Ugi reaction, (C) SPL of lipids, biotinylated steroids by RBP using on-resin Ugi azide reaction. The most important covalent bond between
entities is highlighted in red.
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cancer is one of the most afflicted in the world population, and it
has lower rates of long-term survival (World Health
Organization, 2018).

2.4.1 Ligation/Bioconjugation Techniques Based on
Multicomponent Reactions
Multicomponent reactions were also a powerful tool to generate
covalent bonding, improving the conjugation between a broad
range of biomolecules and cargos.

2.4.2 Lipid-Lipid and Lipid-Oligosaccharide
Conjugation
A procedure based on MCR allows to conjugate two lipid tails to
an oligosaccharide moiety by Ugi multicomponent reaction
(U-MCR). Two variants were achieved in which a
carbohydrate (oligosaccharides) is used as either the carboxylic
acid or amino component. The oligosaccharides were
functionalized with fatty acid and lipidic isocyanides, yielding
glycolipids. Thus, this approach can multi-functionalize
biomolecules in one spot synthesis, opening possibilities for
accessing DDS analogs of anti-cancer glycolipids (Figure 9A)
(Pérez-Labrada et al., 2012; Liu et al., 2019).

2.4.3 Oligosaccharide-Steroid Conjugation
The synthesis of steroid-carbohydrate derivatives by I-MCRs was
carried out with spirostanic steroids and β-chacotrioside
functionalized as either the amino or carboxylic acid
component producing a library of cytotoxic analogs of
diosgenyl-β-chacotrioside (tetrazole-based saponin mimic) for
anti-cancer activity (Rivera et al., 2012) (Figure 9B). Even, to

obtain more complex conjugation, it is ligated two
oligosaccharide moieties to a bifunctional steroid, conjugation
of 4 lactosyl fragments and acholic acid-derived di-isocyanide by
means of a double Ugi reaction, rendering steroidal
glycoconjugate (amphiphilic glycoconjugate), which the lactose
units are located at the α face of concave cholanic skeleton (Rivera
et al., 2013) (Figure 9B).

2.4.4 Peptide-Peptide and Carbohydrate-Peptide
Ligation
The ligation of oligopeptides fragments by I-MCRs can be used as
an approach for the Ugi multicomponent ligation (UML) of two
pseudo peptides fragments to yield more stable and highly active
peptides analogs using a highly diastereoselective UML procedure
(Arabanian et al., 2009; Znabet et al., 2010; Pando et al., 2011).
Moreover, the Ugi peptide ligation can be expanded by the
development of the highly stereoselective organocatalytic MCR
method for peptide-peptide or sugar-peptide conjugation, which
is based on the use of enantiomerically enriched enol-hemiacetals
as chiral inputs to conjugate isocyanopeptides to carbohydrates
and amino peptides to form peptidic hybrids (Echemendía et al.,
2015) (Figure 10A). Furthermore, the MCL of urea-peptide, a
lipidic aldehyde, and a hybrid ribosyl-uridine isocyanide can
produce a potent lipophilic antibacterial muraymicin analog
(Figure 10B) (Tanino et al., 2010).

2.4.5 Peptide-Steroids and Peptide-Lipid Conjugation
The synthesis of peptide-steroid conjugates can be achieved
through multicomponent conjugation (MCC) of individual
amino acids (A.A.s) (Rivera et al., 2006; Singla and Salunke,

FIGURE 13 | (A) Peptide-steroid and peptide-lipid conjugates. Products of simultaneous cyclization and lipidation of peptides by Ugi and Passerini reactions. (B)
The pattern of the product was obtained using resin Ugi-smiles macrocyclization and ligation.
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2020). This concept can be expanded to creating a first-in-class
family of peptide steroid conjugates (Unique class of N-steroidal
peptide), highlighting the peptide backbone with the steroid
skeleton as an N-substituent through an MCC of peptide
carboxylic acid and isocyanopeptide or isocyanoacetate to a
steroidal amine. These N-steroidal peptides can be further
cyclized to yield cyclopeptide-steroid conjugate, in which the
cyclopeptide residue can be found in different positions of either
steroidal or the side chain (Figure 11) (Rivera et al., 2006; Singla
and Salunke, 2020).

Moreover, the synthesis of antimicrobial lipopeptides can
locate the lipidic tail either in the peptide termini as an
internal amide or side-chain substituent (Morales et al., 2015;
Wessjohann et al., 2016). The lipopeptides were created using a
novel on-resin MCC of lipids and steroids to peptides based on
solid-phase methodology, which enables the conjugation of either
a lipid chain or a steroidal skeleton to the resin-bound peptide
(RBP) (Figure 12A). Whereas subsequent A.A.s couplings allow

the growth of the peptide, obtaining the desired lipopeptides and
peptide-steroid conjugate. Similarly, a double ligation of an RBP
at the N-terminus was carried out, allowing the N-terminal
double lipidation and N-terminal lipidation and biotinylation
(Figure 12B). Also, through a Ugi-azide reaction, it is obtained
tetrazole lipopeptides and tetrazole peptidosteroid (Figure 12C)
(Morales et al., 2015).

Furthermore, it can produce microbial natural products
analogs (cyclic lipopeptides analogs) efficiently by Ugi and
Passerini reactions to obtain a simultaneous cyclization and
peptide lipidation. It let conjugate either one or two exocyclic
lipid tails and the macrocyclic ring closure (Figure 13A)
(Morejón et al., 2017). Likewise, the same procedure was
proved by an on-resin Ugi-Smiles reaction creating a
multicomponent cyclo-ligation strategy that enables the
simultaneous cyclization of peptide skeleton and its ligation to
either lipidic moieties or fluorescent labels (El Kaïm et al., 2005;
Morejón et al., 2016) (Figure 13B).

FIGURE 14 | Protein immobilization, labeling, and glycoconjugate (A) Ugi-derived polymer-supported glycoenzyme; (B) final products from multicomponent
conjugation (MCC) to polymeric support (see Panel (A)) and fluorescent label (rhodamine B) and carbohydrate (β-D-glucosides) using Ugi reaction; (C)multicomponent
immobilization (MCI) of horseradish peroxidase (HRP) on a polysaccharide-coated gold electrode; (D) site-selective protein labeling at Tyr residue byMannich typeMCC;
(E). Site-selective protein labeling at only one Lys residue by Cu-catalyzed A3 coupling MCC. The most important covalent bond between entities is highlighted
in red.
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Related to lipopeptides, a monocyte-targeting delivery
platform based on cationic liposomes is based on
functionalizing the liposomal membrane with a cholesterol-
anchored tri-arginine peptide (TriArg) has been developed,
guiding the design of future DDS utilized for immunotherapy
(Münter et al., 2022). In the same way, a class of dendritic
lipopeptide (DLP) liposomal delivery platform, consisting of a
guanidinium-based dendritic peptide moiety, has been
developed. The DDS is pH-sensitive and charge-reversible
functions to enhance tumor accumulation and cell penetration
(Münter et al., 2022).

2.4.6 Protein Immobilization, Labeling, and
Glycoconjugate
Protein immobilization can be achieved through efficient Ugi
reaction procedures, immobilizing the enzyme glucose oxidase on
a polymeric carrier. The glycoenzime undergoes periodate
oxidation to obtain the aldehyde group in the glycosidic part.
Then it is linked to “amino-functionalized glycidyl methacrylate
polymer using an excess of acetic acid and cyclohexyl isocyanide”
to produce the polymer-supported enzyme (Figure 14A) (Marek
et al., 1983). Also, it was prepared bovine serum albumin (BSA)
and horseradish peroxidase (HRP) conjugates by Ugi reaction
using either the carboxylic acid or amino groups at the
biomolecules surface, monosaccharides, and isocyano
components to render several Ugi-derived glycoconjugates
(Figure 14B). Although, this procedure has a problem due to
the long reaction times that cause the protein denaturation as a
result of protein crosslinking which can be solved by
incorporating in Ugi reaction to increase protein reactivity of
amino group and decrease reaction time (Ziegler et al., 2000;

Méndez et al., 2018). Moreover, polysaccharide conjugation can
be obtained by I-MCRs (Passerinin and Ugi reaction) to produce
“biocompatible synthetic hydrogels” to immobilize enzymes in
polysaccharide networks, which serve as carriers in DDS (De
Nooy et al., 1999). In addition, an amperometric enzyme
biosensor was developed for hydrogen peroxide
immobilization of HRP on a gold electrode coated with
sodium alginate by Ugi reaction (Figure 14C). This method
consists of functionalizing polysaccharides with thiol groups
by periodate oxidation and subsequent reductive amination.
Once the polymer is attached to a gold electrode, it achieved
electrode-immobilized enzyme using the Ugi bioconjugation
procedure (Camacho et al., 2007). Similarly, the Ugi
bioconjugation strategy is suitable for preparing thermostable
neoglyconenzymes conjugating trypsin with sodium alginate and
carboxymethyl cellulose yielding trypsin-polysaccharide
glycoconjugates (García et al., 2009). In addition, protein
labeling can be obtained through a Mannich-type
multicomponent process conjugation at Tyr residues which
consists of the mild reaction between the Tyr phenol ring and
imines derived from aldehydes and electron-rich anilines
carrying rhodamine tag to yield labeled proteins (Figure 14D)
(Joshi et al., 2004) Another procedure of site-selective protein
labeling based on MCRs is using Cu-catalyzed A3 couplings
(Figure 14E) (Chilamari et al., 2017).

Finally, the development of the multicomponent protein-
polysaccharide conjugation method, which consists of UML of
functionalized capsular polysaccharide (CP) of Streptococcus and
Salmonella to carrier proteins like diphtheria and tetanus toxoids
(DT and TT), is activated by reaction of glutamic and aspartic
acid side chains with hydrazine (DTa and TTa). The products of

FIGURE 15 | Final products obtained from protein immobilization, labeling, and glycoconjugate through (A) multicomponent conjugation (MCC) of oxo-
functionalized capsular polysaccharide (CP) to nonactivated diphtheria (DT) and tetanus toxoids (TT); (B) hydrazide-activated DT and TT (DDa or TTa), and (C) MCC of
two CPs to hydrazide-activated TT for the obtention of multivalent glycoconjugate vaccines. The most important covalent bond between entities is highlighted in red.
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this procedure showed significant antigenicity and elicited goods
titer of functional specific antibodies (Figures 15A, B). Similarly,
two different polysaccharides were conjugated to a protein using
TEMPO-oxidized CPs14 (carboxylic component) and periodate
oxidized CPs7F (oxo component) TTa (amino component),
yielding a glycoconjugate with two different polysaccharide
antigens conjugated to a carrier protein, which has dual
polysaccharide antigenicity. This proved that this
multicomponent bioconjugation method is efficient for
developing multivalent vaccine candidates (Méndez et al.,
2018) (Figure 15C).

Polysaccharide-peptide and polysaccharide-protein
conjugates are essential for targeted drug delivery into cells
and tissue, and comprehensive reviews on its properties and
applications as DDS have been published (Torres-Pérez et al.,
2020; Walther and Zelikin, 2021; Kurbangalieva et al., 2022;
Mohan et al., 2022).

3 CONCLUSION

DDS is an emergent field in Medicinal Chemistry. DDS based on
Erythrocytes, Liposomes, Nanoparticles, and mainly mAb has
been successfully developed, yielding entities able to avoid or
minimize drug side effects or circumvent the resistance of the
disease to certain drugs. Many of these conjugates are already on
the market, and many others are already in clinical trials.
Therefore, the search for more efficient DDS is continuously
under development.

DDS has emerged as the potential solution to well-known
drawbacks of drug administration, focusing on diseases like
cancer and maximizing the effectiveness of the administered
drugs by aiming them at the specific area affected by the
disease. In this regard, erythrocytes, liposomes, nanoparticles,
and antibodies have been covalently linked to a broad range of
cargos, i.e., drugs, markers, and biomolecules, with promising
bioapplications. Amide or disulfide formation was the
chemical way most used to generate hybrid conjugates. On
the other hand, multicomponent reactions (MCR) have been
incorporated as a powerful tool in preparing conjugates,
taking advantage of its proven efficiency and allowing the
combination between lipids, oligosaccharides, steroids, and
peptides. Despite the rapid development of DDS, nowadays,

only a few DDSs based on liposomes nanoparticles or
antibodies are successfully commercialized, which is
expected considering the times associated with this kind of
process (i.e., design, optimization, clinical trials, and final
drug registration). The great variety of chemical reactions that
can be adapted to different carriers gives this topic great
importance that will be reflected in an increase in related
research and the number of conjugates in the market and
those that will be approved by the FDA shortly.

After much time, appreciable technological advances, a better
understanding of controlled drug release systems, and resources
invested in the research and development of these systems, there
are tangible results. The approval of several ADCs focused on
cancer therapy and extensive research focused on the discovery of
novel systems that use erythrocytes, liposomes, nanoparticles, or
proteins, indicated a promising future. We believe the true
potential of using covalent conjugation applied in DDS as a
pharmacological platform is only just being realized,
understood, and exploited.
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