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Abstract: With rapidly growing knowledge in bioinformatics related to peptides and proteins,
amino acid-based drug-design strategies have recently gained importance in pharmaceutics. In the
past, peptide-based biomedicines were not widely used due to the associated severe physiological
problems, such as low selectivity and rapid degradation in biological systems. However, various
interesting peptide-based therapeutics combined with drug-delivery systems have recently emerged.
Many of these candidates have been developed for anticancer therapy that requires precisely targeted
effects and low toxicity. These research trends have become more diverse and complex owing to
nanomedicine and antibody–drug conjugates (ADC), showing excellent therapeutic efficacy. Various
newly developed peptide–drug conjugates (PDC), peptide-based nanoparticles, and prodrugs could
represent a promising therapeutic strategy for patients. In this review, we provide valuable insights
into rational drug design and development for future pharmaceutics.
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1. Introduction

Peptide-based drug design and delivery could offer several advantages, such as high
selectivity, low immunogenicity, and a convenient manufacturing process [1]. Since insulin,
the first therapeutic peptide, appeared on the market in 1923, it has achieved remarkable
results in the management of various diseases [2]. In the global clinical market, more than
100 peptide-structure-based drugs are used as pharmaceutics in therapy [3,4]. A functional
peptide itself can, in general, be used as a drug without any modification; however, most
peptides are administered to patients in forms maximizing the therapeutic effects via
a combination of drug-delivery systems or molecular modifications [4,5]. For example,
peptides such as insulin have various molecular structures with different drug formulations.
Thus, various insulin drugs are sold worldwide, with a value of over USD 30 billion [6].
Considering their role and advantages in physiological activity, peptide-based drugs are
expected to be widely used in the future [7].

In anticancer treatment, peptides are being developed for various therapeutic or
diagnostic purposes [8–10]. Approximately 10 million patients are currently suffering from
cancer, and they are usually treated with chemotherapy, radiation, and surgical resection
to eliminate tumors [11,12]. In the case of chemotherapy, strong chemotherapeutics such
as doxorubicin (DOX), paclitaxel, gemcitabine, and cisplatin are used to eliminate tumors,
exhibiting cytotoxicity toward cancer cells. Combined with peptides, there are many
ways to reduce the side effects of cytotoxic drugs on non-malignant cells, improving the
effectiveness of cytotoxic agents [13,14]. Targeting a selective cell-membrane receptor or
tumor-site biomarker with a peptide ligand or peptide-based molecules can allow the
payloaded or conjugated drug to reach the tumor site at the highest concentration [15,16].
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There are many different approaches to using peptides for anticancer therapy. Some
small peptide-based inhibitors can show therapeutic effects by inhibiting cancer-specific
enzymes or proteins overexpressed in tumor cells. For example, programmed death-1
(PD1) and programmed death-ligand 1 (PD-L1)-inhibitory peptides have been developed
to block the activity of PD-L1, which is overexpressed in tumor cells [17]. These peptides
show strong efficacy comparable to that of commercial cytotoxic anticancer drugs in animal
models [18]. In the clinical market, there are peptide-based anticancer drugs that are
currently used due to their strong efficacy. For example, leuprolide is a peptide drug that
targets the gonadotropin-releasing hormone receptor, and it is used in the treatment of
prostate cancer, while goserelin is a clinically available synthetic peptide drug for treating
breast and prostate cancers [7]. These peptide drugs were approved in the 1990s and are
still widely used.

An interesting use of peptides as therapeutics in cancer treatment is peptide–drug
conjugates (PDCs). When PDCs are well designed using target-specific peptides and strong
cytotoxic drugs, a small molecular cancer-specific prodrug or tumor-specific nanoparticles
can be utilized for therapy. Interestingly, the delivery of cytotoxic drugs bound to peptides
in PDCs is often compared to antibody–drug conjugate (ADC) delivery systems. Both
antibodies and peptides can serve as the targeting ligands, so cytotoxic drug conjugates
are able to show tumor-specific therapeutic effects or site-specific delivery via covalent
bonds [19,20]. Although large numbers of ADC biomolecules linked to antibodies have
been extensively developed in the clinical field, therapeutics based on peptides have
advantages over ADCs. For example, several peptide-based bioconjugates are able to form
nanoparticles (NPs) through self-assembly, etc., and these nano-sized molecules can show
enhanced permeability and retention (EPR) effects at the tumor site [21,22]. In addition, they
have the potential to overcome the limitations of ADC in the future because they can deliver
significantly more drugs to tumors than antibodies. Therefore, peptide–drug conjugates
have recently emerged as anticancer drug candidates throughout pharmacology [23–27].

Biomolecules based on peptides have various potential functions to utilize anticancer
agents for therapy. From that point of view, we will highlight the current limitations of
peptides for clinical application and their improvement as advanced cancer therapeutics in
this review. At first, the fundamental problems and critical biological barriers of peptides
need to be addressed for the successful development of new peptide drugs. These biological
barriers are in many ways similar but different from protein-based or small synthetic
anticancer drug development. Then, we summarized therapeutic or functional peptides
and peptide derivatives that can induce apoptosis, immune response, and self-assembly,
thereby increasing the anticancer effect. Additionally, various peptide and drug conjugates
can function as targeting molecules towards tumors, and self-assembly for nanomedicines
or prodrugs can be selectively cleaved by tumor enzymes. This will be discussed to consider
how peptide-based drugs can be applied to cancer treatment.

2. Barriers Associated with the Administration of Peptide Therapeutics

Peptides studied as anticancer candidates have faced several obstacles in their further
development into clinically available drugs. Most drugs are usually administered orally
or parenterally; however, in the case of peptides, parenteral administration is preferred
due to peptide stability problems [28]. The route of administration of peptide therapeutics
is mostly limited to parenteral injection, as it is very difficult to administer them orally
due to their rapid disintegration and low stability. In addition, some peptides can be
administered through the skin or subcutaneously, but their clinical application in the clinic
is very rare. In this review, we will not discuss all administration routes of peptides except
(intravenous) parenteral injections, because the most clinically available peptide-based
medicines are formulated for injection only [29]. Parenteral injection of peptides-based
biomolecules represents the most common route of administration; however, it also faces
various biological barriers in the blood circulatory system. From the perspective of the
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development of peptide-based therapeutics, physiological barriers need to be overcome to
develop peptide-based biomolecules for anticancer therapy.

Intravenous administration of peptides for anticancer therapy usually face biological
barriers in the blood, which must be overcome [30]. In the presence of serum or plasma,
proteases/peptidases easily destroy or degrade peptides, resulting in proteolytic instability
in the body. When a peptide drug is parenterally administered to a cancer patient, it does
not have a long half-life due to its low stability in vivo; this is one of the reasons why
there are few peptide drugs for anticancer therapy. Moreover, most peptide drugs are
not highly permeable, so that can be a biophysical barrier to the target site (tumor). In
anticancer therapy, few functional peptides have anticancer activity for a long time to kill
cancer cells in the human body. Within 2~30 min, most peptides are easily cleared from the
blood by the liver and kidneys [31]. To overcome the stability problem of peptides in vivo,
some researchers tried to use a specific type of peptide that is resistant to decomposition.
For example, D-peptides composed of D-amino acids can be anticancer peptides resistant
to enzymatic degradation with long half-lives. Some proteolysis-resistant D-peptides of
the immune checkpoint PD-L1 showed remarkable therapeutic potential for cancer im-
munotherapy. These peptides not only disrupted the PD-1/PD-L1 interaction for immune
response in the tumor microenvironment but also were highly resistant to proteolysis in
human serum [18]. These kinds of peptide derivatives may provide novel peptide-based
drug candidates, overcoming physiological obstacles in the body.

Researchers have tried to improve the blood stability of peptide-based therapeutics
by utilizing many technologies, and a representative example is nanoformulations. The
encapsulation of peptide-based products in nanoparticles can improve their blood stability,
which is an inherent problem (Figure 1). Recently, self-assembled peptides or nanoparticles
have been attracting attention in drug development for anticancer therapy, showing im-
proved blood stability and tumor targeting effects. This type of nanotechnology has been
attracting attention because it can overcome the limitations of peptide-based therapeutics
while utilizing the biological function of peptides. In addition, various strategies have been
introduced, such as a method to increase blood stability and the targeting effect using other
proteins, including albumin or globulin. In particular, an albumin-based peptide delivery
system can enhance peptide stability within the circulation, leading to enhanced antitu-
mor efficacy [32]. The main purpose of using nanotechnology or carriers with peptides is
to overcome blood stability issues, which are a fundamental problem for peptide-based
molecules, meaning that many nano- or carrier-based drug candidates are currently being
evaluated for conversion from laboratory investigations to clinical applications.

Figure 1. Proteolytic degradation of peptide products in the blood is considered a critical problem
for clinical use. Peptide-based therapeutics such as peptide-based nanoparticles or carrier-utilizing
peptide conjugates may stabilize peptide molecules in the circulatory system in vivo.
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3. Peptide and Antibody Therapeutics

Low affinity toward their targets and metabolic instability due to enzymatic degra-
dation are some of the drawbacks of peptides compared to antibodies [31]. Compared to
developing an ADC, it is necessary to develop a given peptide with a clear understanding
of its advantages and disadvantages in order to succeed in peptide-based drug develop-
ment. Although many ADC-based drug candidates are being developed, there are some
key properties of peptide–drug conjugates that warrant attention. The molecular size of an
antibody in an ADC is larger than that of peptide-based biomolecules. For example, im-
munoglobulin G (IgG) antibodies contain more than 1000 amino acids (~150 kDa), whereas
cancer-targeting peptides range from 5 to 25 [33]. Due to the large molecular size of an
ADC, ADC-based therapeutics commonly face difficulties in their cellular uptake, half-lives
in the plasma, immunogenicity, manufacturing costs, and stability [34]. On the contrary,
small-sized (2~5 kDa) peptide-based drug conjugates can be synthesized by homogeneous
entities and large-scale production. Additionally, several highly permeable peptides can
penetrate the blood–brain barrier (BBB) in several cancer types [35–37]. There are many
peptide-based biomolecules that are small and contain tissue-penetrating peptides. They
generally exhibit superiority in tissue penetration and drug delivery.

In their molecular structures, peptide- and antibody-based drugs usually have a
specific molecular linker in common. An ADC, a humanized or human monoclonal
antibody conjugated to a small drug through chemical linkers, is a common therapeutic
format in cancer chemotherapy [38]. Using a specific linker can improve the efficacy of a
conjugated drug and can reduce its systemic toxicity. Therefore, a specific molecular linker
needs to possess sufficient stability in the blood so that conjugated drugs can circulate in
the body, showing high potency toward cancer with low off-target toxicity. These linkers
include those that can be cleaved by lysosomal enzymes, those that can be cleaved by
endosomal acidity, those that cannot be chemically cleaved, and disulfide bonds (Figure 2).

Figure 2. Due to the excellent function of peptides, they are often combined with a cytotoxic drug
via a chemical linker in anticancer therapy. A number of functional and selective linkers can be
used differently to design new therapeutics. These bioconjugates are usually taken up into cells by
endocytosis and then cleaved by enzymes or other substances to release the cytotoxic agents.

4. Peptides for Anticancer Therapy
4.1. Apoptosis-Related Peptides

Several peptides can induce apoptosis in cancer cells. For example, an anticancer
peptide named Ra-V (deoxybouvardin) induces mitochondrial apoptosis followed by the
loss of the potency of the mitochondrial membrane. The latter releases cytochrome C
due to the destruction of mitochondrial the membranes in tumor cells. As a result, cy-
tochrome C-induced apoptosis follows the activation of caspase in breast cancer cells [39].
Another pentapeptide, Dolastatin 10, is capable of inducing apoptosis by upregulating cy-
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tochrome C and Bax, which act as a proapoptotic molecule downregulating the expression
of Bcl-2 [40]. In 2011, the FDA-approved, Dolastatin 10 derive, monomethyl auristatin E
(MMAE)-fabricated drug Adcetris® was constructed by linking it with a peptide linker
(Valine citrulline) to an antibody to treat anaplastic large T-cell systemic malignant lym-
phoma and Hodgkin lymphoma [41]. Another example of an apoptotic peptide-related
biomedicines is a DEVD (Asp-Glu-Val-Asp) peptide based bioconjugate. Recently, a DEVD
peptide and MMAE conjugate, photosensitizer chlorine e6 (Ce6)-DEVD-MMAE, was syn-
thesized and evaluated in in vitro and in vivo experiments. In the study, caspase-3 could
be released by the molecular action by visible light with a photodynamic therapy (PDT)
agent (Ce6) in cancer cells. The released apoptotic caspase-3 cleaved the DEVD peptide and
induced sequential apoptosis, showing a strong therapeutic effect with minimized systemic
toxicity [14]. As described above, the same cytotoxic molecule, MMAE, can be designed as
an ADC or PDC, with advantages and disadvantages (Figure 3). In general, PDCs, which
are nanoparticles based on self-assembly, can deliver large amounts of MMAE. On the
contrary, ADCs can be more selective toward cancer cells due to the specific molecular
binding of antibodies.

Figure 3. The concepts of antibody–drug conjugates (ADCs) and peptide–drug conjugates (PDCs)
are fundamentally similar in drug-delivery systems. Strong cytotoxic drugs such as monomethyl
auristatin E (MMAE), doxorubicin, and paclitaxel can bind to antibodies or peptides for targeting
effects. In this case, conjugated MMAEs are released at the tumor site in anticancer therapy and then
inhibit the same target (tubulin, PDB: 5IYZ) [42], leading to apoptosis in cancer cells.

KLA (KLAKLAKKLAKLAK) is an interesting proapoptotic polypeptide that induces
programmed cell death by disrupting the mitochondrial membrane. Bioconjugates incorpo-
rating KLA peptides can be applied to the development of various anticancer therapeutics.
For example, KLA can be conjugated with iRGD (CRGDKGPDC), a tumor-homing peptide,
to improve the penetration of low-grade tumor tissue and cells. The high tumor selectivity
and low systemic toxicity of the recombinant KLA–iRGD conjugate have been confirmed
in mice [43]. This type of research may lead to the development of new targeted PDC.
Another example of KLA-based therapeutics is a penetratin (Pen; a cell penetrating peptide)-
KLA conjugate. To overcome the low cell permeability of KLA peptides, penetratin was
conjugated to KLA peptide via a disulfide bond, resulting in high cell permeability, and
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cytotoxicity even at low concentrations, as well as a strong apoptotic effect on mitochondria
tubular organization that resulted in aggregation, unlike unconjugated KLA [44]. The
conjugate has little effect on the mitochondria of normal cells, so it shows therapeutic
potential as a new peptide-based drug conjugate.

4.2. Conjugates for Tumor Accumulation

Various methods for targeting tumors with peptides have recently been introduced.
For example, Redko et al. demonstrated that short non-RGD (arginine-glycine-aspartate) S-
S-bridged cyclic peptide (ALOS-4) had specificity for integrin avβ3, which is overexpressed
in human metastatic melanoma. ALOS-4 is a peptide newly synthesized by Yacobovich et al.
that does not contain canonical RGD sequences (H-cycle (Cys-Ser-Ser-Ala-Gly-Ser-Leu-
Phe-Cys)-OH) [45]. In this study, ALOS-4 and a topoisomerase I inhibitor, camptothecin,
were conjugated. As a result, the cytotoxicity of the conjugate was increased in human
metastatic melanoma cells and decreased in normal cells [46]. In addition, Brunetti et al.
conjugated the tetra-branched peptide NT4 with paclitaxel [47] based on their previously
studied peptide [48]. This study showed that NT4 peptide can selectively bind to tumor-
membrane-sulfated glycosaminoglycans. When it is conjugated with paclitaxel, it has
strong selectivity against cancer cells, and this conjugation enables it to demonstrate more
effective tumor regression compared to paclitaxel alone [47,49]. EphA2 is also an interesting
protein related to cancer metastasis, which is overexpressed in various cancer cells such as
melanomas, ovarian, prostate, lung, and breast cancers. Salem et al. conjugated dimeric
123B9 peptide, targeting EphA2, with paclitaxel. This peptide is an optimized variant of
YSA [YSAYPDSVPMMS], an EphA2-targeting peptide, from a previous study of theirs. It
can inhibit lung metastasis in breast cancer models [50].

Albumin is an interesting target in terms of tumor targeting and drug delivery in
chemotherapy [51,52]. It is an endogenous protein that can circulate in the blood for longer
than other plasma proteins. Therefore, it does not have toxicity or immunogenicity in
the body, and it is taken up by rapidly growing tumor cells as a source of amino acids
and energy [53]. Yousefpour et al. conjugated a protein-G-derived albumin-binding do-
main (ABD) with doxorubicin via a pH-sensitive linker [51]. This study showed that the
ABD–DOX conjugate has a longer half-life in the plasma than DOX alone, and it showed
four times higher accumulation in tumors. In another study, the tumor-targeting effect
of an albumin-binding peptide was investigated. In the in vitro study, albumin-binding-
peptide (DICLPRWGCLW)-based bioconjugates formed stable albumin complexes for
tumor-targeting effect [52]. They also showed high tumor-targeting efficacy in a SCC7
tumor-bearing mouse model with an increased half-life [52]. In addition, in their lat-
est paper, Kim et al. developed a novel peptide–drug conjugate that could utilize albu-
min metabolism [54]. Based on the positive correlation between albumin uptake and
tumor growth, albumin-binding could be a promising therapeutic method for targeting
tumor tissues.

4.3. Nanomedicine in Peptide Therapeutics

Drug delivery systems with nanomedicine in peptide therapeutics have become in-
creasingly important in recent years. Peptide-based self-assembled or functional nanopar-
ticles show high potential due to their excellent efficacy and low toxicity. For example,
in anticancer therapy using peptides, curcumin is widely used in terms of targeting and
nanoformulation. Curcumin, a polyphenol derived from Curcuma longa (turmeric) root, is
known as a promising anticancer candidate. However, there are some limitations to further
developing it as an anticancer drug on its own. It has low water solubility and bioavail-
ability and is rapidly cleared from the bloodstream. Recently, Hasanpoor et al. overcame
these obstacles by encapsulating curcumin with albumin [55]. Then, they conjugated a pro-
grammed death ligand 1 (PDL1)-targeting peptide, RK-10, to the nanoparticles. The RK-10
peptide was synthesized according to a sequence previously reported by Caldwell et al.
[GSGSGSTYLCGAISLAPKAQIKESL] [56]. Their bioconjugate formed nanoparticles and
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showed significantly increased cytotoxicity toward PDL1-overexpressing breast cancer
cells (MDA-MB-231). Inducing nanoparticle construction with self-assembling peptides
can direct drugs toward tumors by EPR effect. Peptides, which are affected by differ-
ent environmental conditions, assemble themselves with unique structures and act as
biomedical materials. Self-assembling peptides thus have some different functional pos-
sibilities according to their divergence in structure. They can be used as scaffolds for the
regeneration of cells and tissues or carriers for delivering drugs and can be employed
to target the controlled release of stable drugs with less toxicity. Moreover, the reverse
self-assembly of nano-carriers and nanomedicines in cells is a distinct property of these
peptides [57]. In the process of peptide self-assembly, well-organized aggregates can be
formed by selective peptides [58]. These self-assembled aggregate structures maintain a
steady low-energy state due to hydrogen bonding, hydrophobic interactions, electrostatic
interactions, and van der Waals forces [59]. In aqueous peptide self-assembly, intermolec-
ular interactions are efficiently improved by aromatic moieties. This principle prioritizes
π–π interactions that establish unique physical and chemical properties of self-assembled
peptide nanomaterials [60]. Self-assembled nanostructures such as vesicles, nanotubes
or nanorods, nanoparticles, and micelles form the core of research into drug delivery
against cancer [61]. One such example is carrier-free small-sized peptide (Phe-Arg-Arg-Gly;
FRRG)-conjugated doxorubicin-based nanoparticle. These amphiphilic peptide conjugates
form a stable self-assembling nanoparticle structure under aqueous conditions without any
synthetic nano-sized carriers [15]. This type of self-assembling method can solve the many
problems of current nanoparticle-based drug-delivery systems. The use of self-assembled
peptides takes advantage of their preferential accumulation in tumor tissues due to EPR
effect. The development of self-assembly peptide-based nanomedicine can promise highly
effective anticancer therapy options for cancer patients.

4.4. Cancer Immunotherapy

Attempts to treat cancer by controlling the function of immune cells are also in the
spotlight. Programmed cell death ligand (PD-L1) is usually overexpressed on various
cancer cells and, combined with programmed cell death protein 1 (PD-1; CD279), which
is overexpressed on activated T cells, enables the immune evasion of cancer cells. The
inhibition of PD-1/PD-L1 interactions is a promising target in cancer immunotherapy.
Among the immune-related peptides, D-PPA [NYSKPTDRQYHF] is a PD-L1-binding
peptide developed by Chang et al. Their study demonstrated that the hydrophilic D-
type polypeptide (D-PPA) itself did not have cytotoxicity; however, through blocking
the PD-1/PD-L1 interaction, it could inhibit tumor growth and prolong animal survival
in CT26 tumor-bearing mice [18]. In other studies, Zhu et al. made a conjugate-based
PD-L1-binding nanoparticle with doxorubicin [62]. A hydrophilic D-PPA polypeptide was
linked with two hydrophobic stearyl chains via a pH-sensitive linker to form amphiphilic
PD-L1-binding peptide conjugate (DCS)-based nanoparticles. The nanocarrier itself showed
no toxicity and better internalization than doxorubicin alone. Furthermore, when studied
in a colon cancer CT26-bearing mouse model, the significantly increased antitumor effect
of the doxorubicin-loaded nanocarrier was confirmed with the detection of enhanced CD8+
cell activity in tumor tissue.

Melittin is an interesting peptide for cancer immunotherapy with further therapeutic
applications. Melittin accounts for approximately 50% of bee venom, and it is a linear
peptide composed of 26 amino acids. According to PubChem’s database, its sequence
is [GIGAVLKVLTTGLPALISWIKRKRQQ]. Many studies have shown that melittin has
anti-inflammatory, antiviral, and anticancer activities. As a bioconjugate for anticancer
therapy, Liu et al. synthesized melittin with interleukin 2 (IL-2) [63]. IL-2 is cytokine
mainly secreted from CD4+ T cells but it is also secreted from CD8+ cells and natural killer
(NK) cells, activating dendritic cells. It is known as one of the most effective cytokines
in immuno-cancer treatment; however, a high concentration of IL-2 can cause systemic
toxic effects [64]. The study used mutant IL-2 (MIL-2) to improve the antitumor effect and
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reduce its systemic side effects. The melittin–MIL-2 bioconjugate functioned similarly to
MIL-2 itself, but with a greater cytolytic effect. It increased the production of interferon
(IFN)-γ in various cancer cells originating from liver, breast, ovary, and intestinal tissue.
It also inhibited tumor growth and prolonged the survival time compared to the control
and melittin alone in MIL-2 treated groups in a SMMC-7721, A549, SKOV3 tumor-bearing
mouse model.

Macrophages are immune cells that play an important role in innate and adaptive
immunity. Once activated, macrophages start to fight pathogens such as microorganisms,
abnormal cells, and foreign substances [65]. Macrophage activation has two opposite
states, M1 (classical) and M2 (alternative). In the tumor microenvironment, macrophages
sometimes promote tumor immunosuppression, and these are called tumor-associated
macrophages (TAMs). The colony-stimulating factor 1/colony-stimulating factor 1 receptor
(CSF-1/CSF-1R) pathway is related to macrophage survival and differentiation. As CSF-
1R is considered a promising target for cancer immunotherapy, a peptide named M2pep
[Cys-YEQDPWGVKWWY] was modified in a recent study to increase specificity to target
M2 TAMs. Li et al. confirmed that co-encapsulating with CSF-1R siRNA and M2pep
can target M2 TAMs for reprograming to the M1 type, leading to increased antitumor
immune responses [66]. As a result, the activated antitumor immune reaction showed a
synergistically therapeutic effect in a pancreatic cancer animal model.

5. Bioconjugates with Drugs

With the concept of a drug–drug conjugate, a combination of peptides with cytotoxic
drugs or other therapeutic drugs can be utilized for the development of peptide-based ther-
apeutics. Commonly, cytotoxic drugs that are capable of inhibiting tumor cell growth or cell
function are used in anticancer therapy. Unmodified cytotoxic drugs are prone to inhibiting
normal fast-dividing cells in the body, rather than only cancer cells [48]. In various studies,
these cytotoxic drugs can be combined with peptides with an additional function. For
example, among the anticancer therapies, platinum-based cisplatin chemotherapy is one of
the mostly widely used strategies for cancer treatment. However, the long-term clinical
use of cisplatin in patient reduces its therapeutic effect because of drug resistance. The
use of peptides may be important as a method with which to solve drug-resistance-related
problems. For example, Li. et al. demonstrated that cisplatin- and peptide-combined
nanoparticles could improve the cellular uptake of cisplatin and decrease its systemic toxic-
ity. In the study, cisplatin-loaded modified dextran nanoparticles were designed specifically
to bind to the luteinizing hormone-releasing hormone (LHRH) receptors overexpressed on
the surface of 4T1 breast cancer cells [67]. The peptide conjugate induced high accumulation
of cisplatin in tumor and metastasis-containing organs. It also significantly reduced the
systemic toxicity of cisplatin.

Some other non-cytotoxic drugs in clinical use can be designed for peptide-based
cancer therapy. Disulfiram (DSF) is an interesting FDA-approved anti-alcoholism drug
that can inhibit aldehyde dehydrogenase (ALDH). Although it was not developed for
chemotherapy, several studies have reported that DSF has anticancer effects, such as
inducing apoptosis in cancer and decreasing the angiogenic effect of cancer cells [68].
Using several nanotechnologies with DSF, He et al. conjugated diethyldithiocarbamate
(DDTA), a metabolite of DSF, with a polymer named poly[(2-(lycosyl-2-yldisulfanyl) ethyl
acrylate)-co-[poly (ethylene glycol)]] (PDA-PEG) [69,70]. They also added lactobionic acid
(LBA), which is a well-known β-D-galactose receptor ligand that can increase specific
interaction with the targeted receptor. Compared to that in the control group, tumor
growth was inhibited in a peritoneal metastatic ovarian tumor model when their LBA-
PDA-PEG-DSF (LDNP) polymer was applied as treatment. They also confirmed that the
anticancer effect was increased with additional copper ion treatment. Fluvastatin is statin
used to treat hypercholesterolemia and to prevent cardiovascular disease, approved by
the FDA in 1999. Several studies have reported that this drug may have anticancer effects,
inhibiting protein glycosylation. From this point of view, Badr-Eldin et al. synthesized a
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bioconjugate with bee venom peptide (melittin) and fluvastatin (FLV-MEL) [71]. This FLV-
MEL conjugate showed the strongest cytotoxic effect and changed the cycles of OVCAR3
ovarian cancer cells compared to those in the group treated with melittin or fluvastatin alone.
Additionally, the FLV-MEL conjugate could increase proapoptotic activity, demonstrating
its synergistic anticancer activity. Other recent studies have reported that cyclooxygenase-2
(COX-2) is overexpressed in cancer cells, along with a decrease in peroxisome proliferator-
activated receptor γ (PPARγ) expression. Celecoxib is a COX-2-selective nonsteroidal
anti-inflammatory agent (NSAID) approved by the FDA and widely used as a treatment
for osteoarthritis and rheumatoid arthritis. In a recent study, Uram et al. conjugated
celecoxib and FMOC-L-Leucine, a PPARγ agonist with biotinylated polyamidoamine
(PAMAM) dendrimer of generation 3 (G3). The conjugated and biotinylated G3 PAMAM
dendrimers conjugated with both drugs (celecoxib and FMOC-L-Leucine, 1:1) showed
higher cytotoxicity than the drugs alone or single-drug conjugates [72].

There are peptide conjugates that are currently being studied clinically for the treat-
ment of intractable tumors. On 27 February 2021, melflufen (melphalan flufenamide,
PEPAXTO®), an allogeneic first-in-class peptide–drug conjugate, was approved by the US
Food and Drug Administration (FDA) for the treatment of multiple myeloma, a disease
where monoclonal plasma cells in the bone marrow grow uncontrollably and cause over-
production of immunoglobulins or immunoglobulin chains [73]. As melflufen is highly
lipophilic, it can be easily taken up by targeted cancer cells. Once internalized, melflufen
molecules can be cleaved by aminopeptidases, which are highly expressed in multiple
myeloma cells, releasing their alkylating agents. This tumor-specific action afforded by
the peptide conjugation can cause critical DNA damage and apoptosis in tumor cells [74].
As another example, Lutathera (lutetium Lu 177 dotatate) was approved by the FDA for
the treatment of somatostatin receptor (SSTR) positive gastro-entero-pancreatic neuroen-
docrine tumors on 26 January 2018 [75]. Somatostatin receptors (SSRTs), especially subtype
2 (SSRT2), are highly expressed in gastro-entero-pancreatic neuroendocrine tumors (GEP-
NET) in the stomach, small intestine, rectum, and colon [75–77]. Lutathera has a high
affinity for somatostatin subtype 2 receptors (SSRT2). Lutathera is internalized by cancer
cells, and the beta emission from Lu 177 leads to the formation of free radicals, which, in
turn, can lead to cellular damage in SSRT2-overexpressing cells [75].

Prodrug strategies using peptides with a conjugated ester bond that can be broken
down by esterase have recently been studied for anticancer therapy [78]. For example,
ANG1005 (paclitaxel trevatide) is a newly developed peptide–drug conjugate consisting
of three molecules of paclitaxel with an angiopep-2 peptide [79]. This paclitaxel-based
bioconjugate was designed to treat brain tumors and is able to overcome the blood–brain
barrier (BBB). As a result, ANG1005 can cross the blood–brain barrier by targeting low-
density lipo-protein receptor-related protein 1 (LRP1), which is highly expressed in the BBB.
LRP1 is a receptor protein related to tumorigenesis; however, its molecular binding with
ligands (or peptides) can induce receptor-mediated endocytosis for cellular uptake. Upon
binding to LRP1, ANG1005 can then be internalized by LRP1-mediated endocytosis. Then,
lysosomal esterase can cleave the peptide backbone of ANG1005, releasing the cytotoxic
paclitaxel, which kills the cancer cells. Esterase is a ubiquitous enzyme that hydrolyze
small ester-containing molecules, yielding hydroxyl and carboxylate groups. Prodrugs
development strategies that utilize such esterase-mediated cleavage of an ester group are
steadily attracting attention.

In terms of targeted cytotoxic approaches using cytotoxic drugs, bicycle drug con-
jugates (BDCs) have therapeutic potential with strong antitumor activity. Among tumor
microenvironment (TME)-associated proteins, membrane type 1-matrix metalloprotease
(MT1-MMP) is a protein that is overexpressed in cancer cells, promoting cell migration [80].
Considering the up-regulation of MT1-MMP in cancer, it is a potential drug target for treat-
ing cancer. BT1718, a bicyclic peptide constrained to MT1, targets MT1-MMP in various
cancer cells, including lung cancer [81]. Because MT1-MMP is mainly overexpressed in
cancer cells, normal cells can be less affected by BT1718. BT1718 has been shown to have
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in vivo antitumor effects on a tumor-bearing mouse model, allowing the drug’s progres-
sion to phase two of a clinical trial [81]. BT8009 is another bicycle peptide–toxin conjugate
targeting nectin-4 for treatment of malignant tumors [82]. BT8009 consists of a conjugated
bicyclic peptide joined to the antimitotic toxin monomethyl auristatin E (MMAE) via a
sarcosine spacer chain and cleavable linker. As is well known, the synthetic antineoplastic
tubulin inhibitor MMAE has high toxicity; thus, it cannot be used alone. Because BNectin-4
is a protein involved in cell–cell adhesion and is present at high levels in various malignant
tumor cells [83,84], BNectin-4-targeting BT8009 can bind to Nectin-4 on breast cancer MDA-
MB-468 cells and kill them [85]. The therapeutic effect and toxicity of BT8009 have been
evaluated in clinical trials. In addition, MMAE can be targeted to cells via metastasis-related
proteins such as EphA2. EphA2 is a receptor that is overexpressed in various cancer cells.
BT5528, a bicyclic peptide–MMAE conjugate, can target EphA2 and then release cytotoxic
MMAE in tumor cells. Bennett et al. demonstrated that BT5528 had high cytotoxicity
toward tumors and showed rapid renal elimination [86].

Various other recently developed peptides or peptide-based conjugates are used with
anticancer agents for the treatment of cancer, as summarized in Figure 4 and Table 1.
Many peptide-based therapeutics or PDCs show improved biological functions and tumor-
targeting effects for tumor therapy. These peptide therapeutics can outperform most
conventional small anticancer molecules, antibodies, and ADCs. Some of the various
biomolecules pursuing strategies such as drug conjugates, prodrugs, and nanoparticles
should be moved forward onto clinical trials.

Figure 4. Several functional peptide-based drug carriers that have recently been actively studied.

Table 1. Various peptide–drug conjugates for targeted anticancer therapy.

Peptide Effects Peptide-Conjugated
Drug Cell Line Highlight Year Refs

FF dipeptide Peptide-conjugated
photo-cleavable linker

5-Fu-FF-COOH 1

(Prodrug)
Hela cell Photo-controlled

drug delivery 2019 [87]

AE147 2
High anticancer effects

for overexpressing
uPAR 3

Docetaxel-AE147-
PEGlyted Liposome

NPs (Drug)

MDA-MB-
231, MCF-7

Low IC50 value
(4.61 µg/mL) found for

breast cancer cells
2021 [88]

Tet 213 AMP 4 Antimicrobial infection
activity

ALG/HA/COL-AMP
5 Tet 213 (Dressing

material)
NIH 3T3

A bioactive agent
facilitating the
proliferation of
fibroblast cells

2019 [89]
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Table 1. Cont.

Peptide Effects Peptide-Conjugated
Drug Cell Line Highlight Year Refs

Boc-L-DP-L-
Ome

Anticancer activity
against colon cancer

Boc-L-DP-L-Ome-
Au(Ag)-NPs

MDA MB-231,
HT-29

A superior effect on
malignant tumors at a

low concentration
2019 [90]

RIPL 6

peptide

Selectivity towards
hepsin-expressing

cancer cells
cPEG-RIPL-NLCs 7 SKOV3 and

RAW 264.7
Sensitivity toward

cellular uptake at pH 7.4 2018 [91]

DPPA
Prodrug improves
immunotherapy

PEG/DPPA-MMP-
DOX NPs 8 B16-F10

Co-delivery
nanoplatform for

improved
chemoimmunotherapy

2021 [92]

RIPL peptide Antitumor activity
with high payload

DTX-PEG-RIPL-
NLCs 9 SKOV3

Cell-cycle arrest
observed in G2/M phase

with apoptosis
2020 [93]

TP Inhibition of cancer
cell migration DSPE-PEG-TP-NPs 10 MCF-10A

MDA-MB-231

NKA a1-overexpressing
cells inhibited by

DSPE-PEG-TP-NPs
2021 [94]

Anti-
Collagen

IV

With a magnetic
inner core

Fe3O4@Nanogels
System-Col IV

A7r5 and
HUVEC

Nanogel resulted in a
controlled release of

rapamycin
2018 [95]

TAT peptide
AuNPs-CPPs are

distributed in
bacterial strains

TAT peptide-AuNPs-
CPP-FITC 11 Bacterial cells

Promising drug for
multi-drug-resistant

bacteria
2018 [96]

GE11 peptide
Anticancer activity
with a synergistic

combination
GE11-CUR/ICG-LPs 12 A549 cells

This peptide has a
specific target receptor

on EGFR
2018 [97]

HCBP1 13 Act as a ruthenium
based anticancer agent Ru–β-Ala-FQHPSFI 14 Hep-G2 DDP) Hepatoma-targeting

peptide 2020 [98]

Amino
peptides

Represent
anticarcinogenic effects
on breast cancer cells.

Melflufen MDA-MB231

High efficiency observed
due to lipophilic

peptide-conjugated
alkylator drug

2020 [99]

RIPL
PEG3000 at various

ratios (1%, 5%,
and 10%)

PEG(5%)-RIPL-NLCs SKOV3
MCF7

PEG at a 5% molar ratio
acts as a promising

nanocarrier for
hydrophobic drugs

2018 [100]

Pip8b2 Can recover from
muscle-wasting disease

Pip8b2-conjugated
splice-switching
oligonucleotides

Myoblasts
Conjugation with the

peptide improves exon
skipping

2020 [101]

iWnt 15 Inhibits resistant breast
cancer cells

iWnt-ATF24-
IONP-Dox 16 MDA-MB-231

Nanoparticle drug with a
property of

dual-targeting Wnt/LRP
and uPAR

2017 [102]

Deltorphan Crosses the BBB and
localizes in the CNS

PLGA: Glu-DP-PLGA:
PLGA-CY5 17 C57BL6J mice

The DP peptide, after
entering the brain
endothelial cells,

stimulates endocytosis.

2020 [103]

TAT-peptide
Acts as an

anti-SARS-CoV-2
therapeutic agent

TP 18-conjugated
ritonavir,

lopinavir, favipiravir
and others

In vivo They target SARS-CoV-2
main protease 2020 [104]
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Table 1. Cont.

Peptide Effects Peptide-Conjugated
Drug Cell Line Highlight Year Refs

FRRG NPs present
proapoptotic activity

SMAC-FRRG-
DOX-NPs 19

MCF-7 and
others

Inhibit metastatic lung
cancer with suppression

of tumor growth
2020 [105]

R5K Acts as an
antiangiogenic agent

R5K-ITZ loaded
PLGA-NPs

HUVECs
ARPE-19

Physical stability at a
specific temperature 2020 [106]

Cyclic RGD A two-photon
PDT agent

Ruthenium (II)
complex-RGD

U87MG
MCF-7

This tumor-targeting
metallo-anticancer drug
abrases mitochondrial
integrin αvβ3 rich cells

2020 [107]

RIPL peptide Inhibition of tumor
growth

DTX-loaded
RIPL-NLCs

SKOV3
LNCaP

RIPL-NLCs demonstrate
positively charged

nanodispersion
2018 [108]

Stabilin-2
peptide (S2P)

Modified by S2P
peptide containing

imatinib

PLGA-Maleimide-PEG
NPs containing

Imatinib
VSMC After 130 h, imatinib

releases up to 100% 2020 [109]

TAT-peptide Nucleus-targeting
and imaging DOX loaded TAT-IR780 4T1

Long-term fluorescence
and photothermal
imaging properties

2019 [110]

Tuftsin
peptide

Inhibits the growth of
HeLa cells

Dox-ALG-PEG-TFT,
DOX/ALG-PEG-TFT HeLa cells

Tetra-peptides induce
phagocytosis and the

immune system
2018 [111]

iRGD peptide PLGA-SS-PTX/TET
iRGD-peptide mediate

lipid polymer
hybrid system

A2780 Cytotoxicity against
MDR cancer cells 2017 [112]

5-Fu[29]-FF-COOH 1—5-fluorouracil-phenylalanine-phenylalanine-COOH; AE147 2—KSD-cha-FskYLWSSK
(cha—L-cyclohexyl alanine; s—D-form Ser; k—D-form Lys, acetate salt); uPAR 3—urokinase-type plasmino-
gen activator receptor (uPAR); Tet 213 AMP 4—(amino acid sequence: KRWWKWWRRC) antimicrobial peptide;
ALG/HA/COL-AMP 5—alginate/hyaluronic acid/collagen-AMP; RIPL 6—IPLVVPLRRRRRRRRC; cPEG-RIPL-
NLCs 7—cleaved PEG-RIPL-nanostructured lipid carriers; PEG/DPPA-MMP-DOX NPs 8—PEG/antagonist
of PD-L1- matrix metalloproteinases-doxorubicin NPs; DTX-PEG-RIPL-NLCs 9—docetaxel-PEG-RIPL-
NLCs; DSPE-PEG-TP-NPs 10—1,2-distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene glycol)2000-
NKA αI-targeting peptide; TAT peptide-AuNPs-CPP-FITC 11—transactivating transcriptional activator-
gold NPs-cell-penetrating peptides-fluorophore fluorescein isothiocyanate; GE11-CUR/ICG-LPs 12—GE11-
curcumin/indocyanine green-liposomes; HCBP1 13—FQHPSFI; Ru–β-Ala-FQHPSFI 14—ruthenium(II)-β-alanine-
FQHPSFI; iWnt 15—NSNAIKNKKHHH; iWnt-ATF24-IONP-Dox 16—iWnt-amino terminal fragment 24-iron oxide
NPs-doxorubicin; PLGA: Glu-DP-PLGA: PLGA-CY5 17—poly-lactide-co-glycolic acid:lycosylated-deltorphin-
PLGA:PLGA-cyanine 5; TP 18—TAT-peptide; SMAC-FRRG-DOX-NPs 19—SMAC-(Ala-Val-Pro-Ile-Ala-Gln,
AVPIAQ)-FRRG-doxorubicin-NPs.

6. Conclusions and Perspectives

Due to the advantages of peptides, peptide drugs or peptide–drug conjugates have
been widely explored for new drug development or drug delivery. Previously, peptide
drugs were seen as merely mimicking hormones or endogenous peptides in the body,
but they are now being reborn for the design of new therapeutics, giving them biological
functions. Few clinical cases used peptides in anticancer therapy in the past. However,
some specific functional peptides and PDCs are now in the spotlight as new biomolecules,
for which various existing problems have been addressed. Conventional chemotherapy has
several clinical problems to overcome in terms of efficacy and toxicity. Therefore, various
therapeutic strategies applying cytotoxic anticancer drugs and functional peptides have
been developed, outperforming small drugs and larger antibodies.

In this review, we summarize the recent successful progress in the preclinical and
clinical development of peptide-based therapeutics, providing instructive insight. Because
systemically administered peptides are naturally susceptible to degradation and physio-
logical environments, delivery barriers and their related factors must be considered for
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successful peptide drug development (Section 2). It can be similar to the well-known
protein-based drug development, but the physicochemical differences of peptide molecules
must be taken into account (Section 3). Although various protein-based therapies have been
developed in the clinical market, peptide-based therapeutics have clear advantages, such as
their targeting effects and easy production. Some drawbacks of peptide-based therapeutics
can be overcome by using functional peptides related to cancer immune therapy, apoptosis,
and nanoformulation (Section 4), or with chemical modification of the selected drugs and
peptides (Section 5) for enhanced therapeutic effect. Especially, when a designed peptide
capable of tumor-selective cleavage or a tumor-targeting effect is successfully introduced
into other drugs or small molecules, the low biostability and effect issues for peptides
can be reduced. Among them, an interesting strategy is using self-assembled amphiphilic
peptides for nanoformulation and immune modulating peptides for cancer immunother-
apy. Peptide-based nanomedicines and immune modulators are becoming important with
excellent therapeutic efficacy and tumor-specific effects, as well as low systemic toxicity
in the field of anticancer therapy. These kinds of peptide-based therapeutics are expected
to be able to overcome the difficulties of conventional anticancer therapy. Peptides or
peptide-based bioconjugates will further draw widespread attention, providing rational
guidance for research into the design of new drugs and smart drug-delivery systems.
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26. Vrettos, E.I.; Mező, G.; Tzakos, A.G. On the design principles of peptide–drug conjugates for targeted drug delivery to the

malignant tumor site. Beilstein J. Org. Chem. 2018, 14, 930–954. [CrossRef]
27. Wang, Y.; Cheetham, A.G.; Angacian, G.; Su, H.; Xie, L.; Cui, H. Peptide–drug conjugates as effective prodrug strategies for

targeted delivery. Adv. Drug Deliv. Rev. 2017, 110, 112–126. [CrossRef]
28. Adessi, C.; Soto, C. Converting a peptide into a drug: Strategies to improve stability and bioavailability. Curr. Med. Chem. 2002, 9,

963–978. [CrossRef]
29. Gleeson, J.P.; Fein, K.C.; Whitehead, K.A. Oral delivery of peptide therapeutics in infants: Challenges and opportunities. Adv.

Drug Deliv. Rev. 2021, 173, 112–124. [CrossRef]
30. Cavaco, M.; Valle, J.; Flores, I.; Andreu, D.; ARB Castanho, M. Estimating peptide half-life in serum from tunable, sequence-related

physicochemical properties. Clin. Transl. Sci. 2021, 14, 1349–1358. [CrossRef]
31. Ladner, R.C.; Sato, A.K.; Gorzelany, J.; de Souza, M. Phage display-derived peptides as therapeutic alternatives to antibodies.

Drug Discov. Today 2004, 9, 525–529. [CrossRef]
32. Cho, H.; Jeon, S.I.; Ahn, C.-H.; Shim, M.K.; Kim, K. Emerging Albumin-Binding Anticancer Drugs for Tumor-Targeted Drug

Delivery: Current Understandings and Clinical Translation. Pharmaceutics 2022, 14, 728. [CrossRef] [PubMed]
33. Ben-Fillippo, K.; Krippendorff, B.-F.; Shah, D.K. Influence of Molecular size on the clearance of antibody fragments. Pharm. Res.

2017, 34, 2131–2141. [CrossRef]
34. Wagh, A.; Song, H.; Zeng, M.; Tao, L.; Das, T.K. Challenges and new frontiers in analytical characterization of antibody-drug

conjugates. mAbs 2018, 10, 222–243. [CrossRef]
35. Bargh, J.D.; Isidro-Llobet, A.; Parker, J.S.; Spring, D.R. Cleavable linkers in antibody–drug conjugates. Chem. Soc. Rev. 2019, 48,

4361–4374. [CrossRef]
36. Trail, P.A.; Dubowchik, G.M.; Lowinger, T.B. Antibody drug conjugates for treatment of breast cancer: Novel targets and diverse

approaches in ADC design. Pharmacol. Ther. 2018, 181, 126–142. [CrossRef]
37. Kopp, A.; Thurber, G.M. Severing Ties: Quantifying the Payload Release from Antibody Drug Conjugates. Cell Chem. Biol. 2019,

26, 1631–1633. [CrossRef]
38. Tsuchikama, K.; An, Z. Antibody-drug conjugates: Recent advances in conjugation and linker chemistries. Protein Cell 2018, 9,

33–46. [CrossRef]
39. Hilchie, A.L.; Vale, R.; Zemlak, T.S.; Hoskin, D.W. Generation of a hematologic malignancy-selective membranolytic peptide from

the antimicrobial core (RRWQWR) of bovine lactoferricin. Exp. Mol. Pathol. 2013, 95, 192–198. [CrossRef]
40. Beesoo, R.; Neergheen-Bhujun, V.; Bhagooli, R.; Bahorun, T. Apoptosis inducing lead compounds isolated from marine organisms

of potential relevance in cancer treatment. Mutat. Res. Mol. Mech. Mutagen. 2014, 768, 84–97. [CrossRef]

http://doi.org/10.1016/j.jconrel.2015.09.067
http://doi.org/10.1016/j.biomaterials.2019.119494
http://doi.org/10.1016/j.jconrel.2018.11.032
http://doi.org/10.3390/pharmaceutics14010078
http://doi.org/10.1080/13543776.2018.1512706
http://doi.org/10.1002/anie.201506225
http://doi.org/10.1021/acs.jmedchem.0c01530
http://doi.org/10.1021/acs.jmedchem.1c00961
http://doi.org/10.7150/thno.37198
http://doi.org/10.1039/C8BM01340C
http://doi.org/10.1016/S0140-6736(19)31774-X
http://doi.org/10.3390/molecules24101855
http://doi.org/10.1016/S1470-2045(16)30030-4
http://doi.org/10.3762/bjoc.14.80
http://doi.org/10.1016/j.addr.2016.06.015
http://doi.org/10.2174/0929867024606731
http://doi.org/10.1016/j.addr.2021.03.011
http://doi.org/10.1111/cts.12985
http://doi.org/10.1016/S1359-6446(04)03104-6
http://doi.org/10.3390/pharmaceutics14040728
http://www.ncbi.nlm.nih.gov/pubmed/35456562
http://doi.org/10.1007/s11095-017-2219-y
http://doi.org/10.1080/19420862.2017.1412025
http://doi.org/10.1039/C8CS00676H
http://doi.org/10.1016/j.pharmthera.2017.07.013
http://doi.org/10.1016/j.chembiol.2019.12.001
http://doi.org/10.1007/s13238-016-0323-0
http://doi.org/10.1016/j.yexmp.2013.07.006
http://doi.org/10.1016/j.mrfmmm.2014.03.005


Pharmaceutics 2022, 14, 1378 15 of 17

41. Gao, G.; Wang, Y.; Hua, H.; Li, D.; Tang, C. Marine Antitumor Peptide Dolastatin 10: Biological Activity, Structural Modification
and Synthetic Chemistry. Mar. Drugs 2021, 19, 363. [CrossRef]

42. Waight, A.B.; Bargsten, K.; Doronina, S.; Steinmetz, M.; Sussman, D.; Prota, A.E. Structural Basis of Microtubule Destabilization
by Potent Auristatin Anti-Mitotics. PLoS ONE 2016, 11, e0160890. [CrossRef]

43. Huang, Y.; Li, X.; Sha, H.; Zhang, L.; Bian, X.; Han, X.; Liu, B. Tumor-penetrating peptide fused to a pro-apoptotic peptide
facilitates effective gastric cancer therapy. Oncol. Rep. 2017, 37, 2063–2070. [CrossRef]

44. Alves, I.D.; Carré, M.; Montero, M.-P.; Castano, S.; Lecomte, S.; Marquant, R.; Lecorché, P.; Burlina, F.; Schatz, C.; Sagan, S.; et al. A
proapoptotic peptide conjugated to penetratin selectively inhibits tumor cell growth. Biochim. Et Biophys. Acta BBA Biomembr.
2014, 1838, 2087–2098. [CrossRef]

45. Yacobovich, S.; Tuchinsky, L.; Kirby, M.; Kardash, T.; Agranyoni, O.; Nesher, E.; Redko, B.; Gellerman, G.; Tobi, D.; Gurova, K.; et al.
Novel synthetic cyclic integrin alphavbeta3 binding peptide ALOS4: Antitumor activity in mouse melanoma models. Oncotarget
2016, 7, 63549–63560. [CrossRef]

46. Redko, B.; Tuchinsky, H.; Segal, T.; Tobi, D.; Luboshits, G.; Ashur-Fabian, O.; Pinhasov, A.; Gerlitz, G.; Gellerman, G. Toward the
development of a novel non-RGD cyclic peptide drug conjugate for treatment of human metastatic melanoma. Oncotarget 2017, 8,
757–768. [CrossRef]

47. Brunetti, J.; Piantini, S.; Fragai, M.; Scali, S.; Cipriani, G.; Depau, L.; Pini, A.; Falciani, C.; Menichetti, S.; Bracci, L. A New NT4
Peptide-Based Drug Delivery System for Cancer Treatment. Molecules 2020, 25, 1088. [CrossRef]

48. Depau, L.; Brunetti, J.; Falciani, C.; Scali, S.; Riolo, G.; Mandarini, E.; Pini, A.; Bracci, L. Coupling to a cancer-selective heparan-
sulfate-targeted branched peptide can by-pass breast cancer cell resistance to methotrexate. Oncotarget 2017, 8, 76141–76152.
[CrossRef]

49. Brunetti, J.; Pillozzi, S.; Falciani, C.; Depau, L.; Tenori, E.; Scali, S.; Lozzi, L.; Pini, A.; Arcangeli, A.; Menichetti, S.; et al.
Tumor-selective peptide-carrier delivery of Paclitaxel increases in vivo activity of the drug. Sci. Rep. 2015, 5, 17736. [CrossRef]

50. Salem, A.F.; Wang, S.; Billet, S.; Chen, J.-F.; Udompholkul, P.; Gambini, L.; Baggio, C.; Tseng, H.-R.; Posadas, E.M.;
Bhowmick, N.A.; et al. Reduction of Circulating Cancer Cells and Metastases in Breast-Cancer Models by a Potent EphA2-
Agonistic Peptide–Drug Conjugate. J. Med. Chem. 2018, 61, 2052–2061. [CrossRef]

51. Yousefpour, P.; Ahn, L.; Tewksbury, J.; Saha, S.; Costa, S.A.; Bellucci, J.J.; Li, X.; Chilkoti, A. Conjugate of Doxorubicin to
Albumin-Binding Peptide Outperforms Aldoxorubicin. Small 2019, 15, 1804452. [CrossRef]

52. Um, W.; Park, J.; Youn, A.; Cho, H.; Lim, S.; Lee, J.W.; Yoon, H.Y.; Lim, D.-K.; Park, J.H.; Kim, K. A Comparative Study on
Albumin-Binding Molecules for Targeted Tumor Delivery through Covalent and Noncovalent Approach. Bioconjugate Chem.
2019, 30, 3107–3118. [CrossRef]

53. Zhao, P.; Wang, Y.; Wu, A.; Rao, Y.; Huang, Y. Roles of Albumin-Binding Proteins in Cancer Progression and Biomimetic Targeted
Drug Delivery. ChemBioChem 2018, 19, 1796–1805. [CrossRef]

54. Cho, Y.S.; Kim, G.C.; Lee, H.M.; Kim, B.; Kim, H.R.; Chung, S.W.; Chang, H.W.; Ko, Y.G.; Lee, Y.S.; Kim, S.W.; et al. Albumin
metabolism targeted peptide-drug conjugate strategy for targeting pan-KRAS mutant cancer. J. Control. Release 2022, 344, 26–38.
[CrossRef]

55. Hasanpoor, Z.; Mostafaie, A.; Nikokar, I.; Hassan, Z.M. Curcumin-human serum albumin nanoparticles decorated with PDL1
binding peptide for targeting PDL1-expressing breast cancer cells. Int. J. Biol. Macromol. 2020, 159, 137–153. [CrossRef]

56. Caldwell, C., Jr.; Johnson, C.E.; Balaji, V.N.; Balaji, G.A.; Hammer, R.D.; Kannan, R. Identification and Validation of a PD-L1
Binding Peptide for Determination of PDL1 Expression in Tumors. Sci. Rep. 2017, 7, 13682. [CrossRef]

57. Lee, S.; Trinh, T.H.; Yoo, M.; Shin, J.; Lee, H.; Kim, J.; Hwang, E.; Lim, Y.-B.; Ryou, C. Self-Assembling Peptides and Their
Application in the Treatment of Diseases. Int. J. Mol. Sci. 2019, 20, 5850. [CrossRef]

58. Whitesides, G.M.; Boncheva, M. Beyond molecules: Self-assembly of mesoscopic and macroscopic components. Proc. Natl. Acad.
Sci. USA 2002, 99, 4769–4774. [CrossRef]

59. Edwards-Gayle, C.J.C.; Hamley, I.W. Self-assembly of bioactive peptides, peptide conjugates, and peptide mimetic materials. Org.
Biomol. Chem. 2017, 15, 5867–5876. [CrossRef]

60. Ma, M.; Kuang, Y.; Gao, Y.; Zhang, Y.; Gao, P.; Xu, B. Aromatic−Aromatic Interactions Induce the Self-Assembly of Pentapeptidic
Derivatives in Water to Form Nanofibers and Supramolecular Hydrogels. J. Am. Chem. Soc. 2010, 132, 2719–2728. [CrossRef]

61. Dong, X.; Guo, X.; Liu, G.; Fan, A.; Wang, Z.; Zhao, Y. When self-assembly meets topology: An enhanced micelle stability. Chem.
Commun. 2017, 53, 3822–3825. [CrossRef] [PubMed]

62. Zhu, W.; Bai, Y.; Zhang, N.; Yan, J.; Chen, J.; He, Z.; Sun, Q.; Pu, Y.; He, B.; Ye, X. A tumor extracellular pH-sensitive PD-L1
binding peptide nanoparticle for chemo-immunotherapy of cancer. J. Mater. Chem. B 2021, 9, 4201–4210. [CrossRef] [PubMed]

63. Liu, M.; Wang, H.; Liu, L.; Wang, B.; Sun, G. Melittin-MIL-2 fusion protein as a candidate for cancer immunotherapy. J. Transl.
Med. 2016, 14, 155. [CrossRef] [PubMed]

64. Rosenberg, S.A. IL-2: The First Effective Immunotherapy for Human Cancer. J. Immunol. 2014, 192, 5451–5458. [CrossRef]
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72. Uram, Ł.; Filipowicz, A.; Misiorek, M.; Pieńkowska, N.; Markowicz, J.; Wałajtys-Rode, E.; Wolowiec, S. Biotinylated PAMAM G3
dendrimer conjugated with celecoxib and/or Fmoc-l-Leucine and its cytotoxicity for normal and cancer human cell lines. Eur. J.
Pharm. Sci. 2018, 124, 1–9. [CrossRef]

73. Brigle, K.; Rogers, B. Pathobiology and Diagnosis of Multiple Myeloma. Semin. Oncol. Nurs. 2017, 33, 225–236. [CrossRef]
74. Oriol, A.; Larocca, A.; Leleu, X.; Hajek, R.; Hassoun, H.; Rodríguez-Otero, P.; Paner, A.; Schjesvold, F.H.; Gullbo, J.; Richardson,

P.G. Melflufen for relapsed and refractory multiple myeloma. Expert Opin. Investig. Drugs 2020, 29, 1069–1078. [CrossRef]
75. Hennrich, U.; Kopka, K. Lutathera((R)): The First FDA- and EMA-Approved Radiopharmaceutical for Peptide Receptor Radionu-

clide Therapy. Pharmaceuticals 2019, 12, 114. [CrossRef]
76. Reubi, J.C. Somatostatin and Other Peptide Receptors as Tools for Tumor Diagnosis and Treatment. Neuroendocrinology 2004,

80 (Suppl. 1), 51–56. [CrossRef]
77. Cives, M.; Strosberg, J.R. Gastroenteropancreatic Neuroendocrine Tumors. CA Cancer J. Clin. 2018, 68, 471–487. [CrossRef]
78. Lavis, L.D. Ester Bonds in Prodrugs. ACS Chem. Biol. 2008, 3, 203–206. [CrossRef]
79. Kumthekar, P.; Tang, S.-C.; Brenner, A.J.; Kesari, S.; Piccioni, D.E.; Anders, C.K.; A Carrillo, J.; Chalasani, P.; Kabos, P.;

Puhalla, S.L.; et al. ANG1005, a Brain-Penetrating Peptide–Drug Conjugate, Shows Activity in Patients with Breast Cancer
with Leptomeningeal Carcinomatosis and Recurrent Brain Metastases. Clin. Cancer Res. 2020, 26, 2789–2799. [CrossRef]

80. Itoh, Y. MT1-MMP: A key regulator of cell migration in tissue. IUBMB Life 2006, 58, 589–596. [CrossRef]
81. Bennett, G.; Lutz, R.; Park, P.; Harrison, H.; Lee, K. Development of BT1718, a novel Bicycle Drug Conjugate for the treatment of

lung cancer. Cancer Res. 2017, 77, 1167. [CrossRef]
82. Rigby, M.; Beswick, P.; Mudd, G.; Van Rietschoten, K.; Chen, L.; Watcham, S.M.; Allen, H.; Brown, A.; Harrison, H.;

Bennett, G.; et al. BT8009: A bicyclic peptide toxin conjugate targeting Nectin-4 (PVRL4) displays efficacy in preclinical tumor
models. Cancer Res. 2019, 79, 4479. [CrossRef]

83. Falciani, C.; Brunetti, J.; Lelli, B.; Accardo, A.; Tesauro, D.; Morelli, G.; Bracci, L. Nanoparticles exposing neurotensin tumor-specific
drivers. J. Pept. Sci. 2013, 19, 198–204. [CrossRef] [PubMed]

84. Brunetti, J.; Falciani, C.; Lelli, B.; Minervini, A.; Ravenni, N.; Depau, L.; Siena, G.; Tenori, E.; Menichetti, S.; Pini, A.; et al.
Neurotensin Branched Peptide as a Tumor-Targeting Agent for Human Bladder Cancer. BioMed Res. Int. 2015, 2015, 173507.
[CrossRef]

85. Rigby, M.; Bennett, G.; Chen, L.; Mudd, G.; Beswick, P.; Harrison, H.; Watcham, S.; Allen, H.; Brown, A.; Van Rietschoten, K.; et al.
BT8009, a Bicycle Toxin Conjugate targeting Nectin-4, shows target selectivity, and efficacy in preclinical large and small tumor
models. Mol. Cancer Ther. 2019, 18, C061. [CrossRef]

86. Bennett, G.; Brown, A.; Mudd, G.; Huxley, P.; Van Rietschoten, K.; Pavan, S.; Chen, L.; Watcham, S.; Lahdenranta, J.; Keen, N.
MMAE Delivery Using the Bicycle Toxin Conjugate BT5528. Mol. Cancer Ther. 2020, 19, 1385–1394. [CrossRef]

87. Das, S.; Horo, H.; Goswami, U.; Kundu, L.M. Synthesis of a Peptide Conjugated 5-Fluorouracil Gelator Prodrug for Photo-
Controlled Release of the Antitumor Agent. ChemistrySelect 2019, 4, 6778–6783. [CrossRef]

88. Park, J.Y.; Shin, Y.; Won, W.R.; Lim, C.; Kim, J.C.; Kang, K.; Husni, P.; Lee, E.S.; Youn, Y.S.; Oh, K.T. Development of AE147
Peptide-Conjugated Nanocarriers for Targeting uPAR-Overexpressing Cancer Cells. Int. J. Nanomed. 2021, 16, 5437–5449.
[CrossRef]

89. Lin, Z.; Wu, T.; Wang, W.; Li, B.; Wang, M.; Chen, L.; Xia, H.; Zhang, T. Biofunctions of antimicrobial peptide-conjugated
alginate/hyaluronic acid/collagen wound dressings promote wound healing of a mixed-bacteria-infected wound. Int. J. Biol.
Macromol. 2019, 140, 330–342. [CrossRef]

90. Banerjee, K.; Rai, V.R.; Umashankar, M. Effect of peptide-conjugated nanoparticles on cell lines. Prog. Biomater. 2019, 8, 11–21.
[CrossRef]

91. Kim, C.H.; Sa, C.K.; Goh, M.S.; Lee, E.S.; Kang, T.H.; Yoon, H.Y.; Battogtokh, G.; Ko, Y.T.; Choi, Y.W. pH-sensitive PEGylation
of RIPL peptide-conjugated nanostructured lipid carriers: Design and in vitro evaluation. Int. J. Nanomed. 2018, 13, 6661–6675.
[CrossRef]

92. Zhu, X.; Li, C.; Lu, Y.; Liu, Y.; Wan, D.; Zhu, D.; Pan, J.; Ma, G. Tumor microenvironment-activated therapeutic peptide-conjugated
prodrug nanoparticles for enhanced tumor penetration and local T cell activation in the tumor microenvironment. Acta Biomater.
2021, 119, 337–348. [CrossRef]

93. Mohamed, S.; Coombe, D.R. Heparin Mimetics: Their Therapeutic Potential. Pharmaceuticals 2017, 10, 78. [CrossRef]

http://doi.org/10.1016/j.actbio.2015.02.022
http://doi.org/10.1016/j.drudis.2020.04.003
http://doi.org/10.1016/j.actbio.2017.12.023
http://doi.org/10.1039/C5BM00325C
http://doi.org/10.3389/fphar.2020.642171
http://doi.org/10.1016/j.ejps.2018.08.019
http://doi.org/10.1016/j.soncn.2017.05.012
http://doi.org/10.1080/13543784.2020.1808884
http://doi.org/10.3390/ph12030114
http://doi.org/10.1159/000080742
http://doi.org/10.3322/caac.21493
http://doi.org/10.1021/cb800065s
http://doi.org/10.1158/1078-0432.CCR-19-3258
http://doi.org/10.1080/15216540600962818
http://doi.org/10.1158/1538-7445.AM2017-1167
http://doi.org/10.1158/1538-7445.AM2019-4479
http://doi.org/10.1002/psc.2493
http://www.ncbi.nlm.nih.gov/pubmed/23436714
http://doi.org/10.1155/2015/173507
http://doi.org/10.1158/1535-7163.TARG-19-C061
http://doi.org/10.1158/1535-7163.MCT-19-1092
http://doi.org/10.1002/slct.201900905
http://doi.org/10.2147/IJN.S315619
http://doi.org/10.1016/j.ijbiomac.2019.08.087
http://doi.org/10.1007/s40204-019-0106-9
http://doi.org/10.2147/IJN.S184355
http://doi.org/10.1016/j.actbio.2020.11.008
http://doi.org/10.3390/ph10040078


Pharmaceutics 2022, 14, 1378 17 of 17

94. Yang, Y.Y.; Feng, Q.; Ding, C.F.; Kang, W.; Xiao, X.F.; Yu, Y.S.; Zhou, Q. Controllable Drug Delivery by Na plus /K plus
ATPase alpha 1 Targeting Peptide Conjugated DSPE-PEG Nanocarriers for Breast Cancer. Technol. Cancer Res. T 2021, 20,
15330338211027898.

95. Yang, Q.; Peng, J.; Chen, C.; Xiao, Y.; Tan, L.; Xie, X.; Xu, X.; Qian, Z. Targeting Delivery of Rapamycin with Anti-Collagen
IV Peptide Conjugated Fe3O4@Nanogels System for Vascular Restenosis Therapy. J. Biomed. Nanotechnol. 2018, 14, 1208–1224.
[CrossRef]

96. Kumar, M.; Tegge, W.; Wangoo, N.; Jain, R.; Sharma, R.K. Insights into cell penetrating peptide conjugated gold nanoparticles for
internalization into bacterial cells. Biophys. Chem. 2018, 237, 38–46. [CrossRef]

97. Huang, X.; Chen, L.; Zhang, Y.; Zhou, S.; Cai, H.-H.; Li, T.; Jin, H.; Cai, J.; Zhou, H.; Pi, J. GE11 Peptide Conjugated Liposomes for
EGFR-Targeted and Chemophotothermal Combined Anticancer Therapy. Bioinorg. Chem. Appl. 2021, 2021, 5534870. [CrossRef]

98. Wang, Y.; Qin, W.; Shi, H.; Chen, H.; Chai, X.; Liu, J.; Zhang, P.; Li, Z.; Zhang, Q. A HCBP1 peptide conjugated ruthenium complex
for targeted therapy of hepatoma. Dalton Trans. 2020, 49, 972–976. [CrossRef]

99. Schepsky, A.; Traustadottir, G.A.; Joelsson, J.P.; Ingthorsson, S.; Kricker, J.; Bergthorsson, J.T.; Asbjarnarson, A.; Gudjonsson, T.;
Nupponen, N.; Slipicevic, A.; et al. Melflufen, a peptide-conjugated alkylator, is an efficient anti-neo-plastic drug in breast cancer
cell lines. Cancer Med. 2020, 9, 6726–6738. [CrossRef]

100. Kim, C.H.; Sung, S.W.; Lee, E.S.; Kang, T.H.; Yoon, H.Y.; Goo, Y.T.; Cho, H.R.; Kim, D.Y.; Kang, M.J.; Choi, Y.S.; et al. Sterically
Stabilized RIPL Peptide-Conjugated Nanostructured Lipid Carriers: Characterization, Cellular Uptake, Cytotoxicity, and
Biodistribution. Pharmaceutics 2018, 10, 199. [CrossRef]

101. Tone, Y.; Mamchaoui, K.; Tsoumpra, M.K.; Hashimoto, Y.; Terada, R.; Maruyama, R.; Gait, M.J.; Arzumanov, A.A.; McClorey,
G.; Imamura, M.; et al. Immortalized Canine Dystrophic Myoblast Cell Lines for Development of Peptide-Conjugated Splice-
Switching Oligonucleotides. Nucleic Acid Ther. 2021, 31, 172–181. [CrossRef]

102. Miller-Kleinhenz, J.; Guo, X.; Qian, W.; Zhou, H.; Bozeman, E.N.; Zhu, L.; Ji, X.; Wang, Y.; Styblo, T.; O’Regan, R.; et al. Dual-
targeting Wnt and uPA receptors using peptide conjugated ultra-small nanoparticle drug carriers inhibited cancer stem-cell
phenotype in chemo-resistant breast cancer. Biomaterials 2018, 152, 47–62. [CrossRef]

103. Duskey, J.T.; Ottonelli, I.; Da Ros, F.; Vilella, A.; Zoli, M.; Kovachka, S.; Spyrakis, F.; A Vandelli, M.; Tosi, G.; Ruozi, B. Novel
peptide-conjugated nanomedicines for brain targeting: In vivo evidence. Nanomed. Nanotechnol. Biol. Med. 2020, 28, 102226.
[CrossRef]

104. Ansari, M.A.; Almatroudi, A.; Alzohairy, M.A.; AlYahya, S.; Alomary, M.N.; Al-Dossary, H.A.; Alghamdi, S. Lipid-based nano
delivery of Tat-peptide conjugated drug or vaccine-promising therapeutic strategy for SARS-CoV-2 treatment. Expert Opin. Drug
Deliv. 2020, 17, 1671–1674. [CrossRef]

105. Shim, M.K.; Moon, Y.; Yang, S.; Kim, J.; Cho, H.; Lim, S.; Yoon, H.Y.; Seong, J.-K.; Kim, K. Cancer-specific drug-drug nanoparticles
of pro-apoptotic and cathepsin B-cleavable peptide-conjugated doxorubicin for drug-resistant cancer therapy. Biomaterials 2020,
261, 120347. [CrossRef]

106. Chittasupho, C.; Kengtrong, K.; Chalermnithiwong, S.; Sarisuta, N. Anti-angiogenesis by dual action of R5K peptide conjugated
itraconazole nanoparticles. AAPS PharmSciTech 2020, 21, 74. [CrossRef]

107. Zhao, Z.; Qiu, K.; Liu, J.; Hao, X.; Wang, J. Two-photon photodynamic ablation of tumour cells using an RGD peptide-conjugated
ruthenium(ii) photosensitiser. Chem. Commun. 2020, 56, 12542–12545. [CrossRef]

108. Lee, S.G.; Kim, C.H.; Sung, S.W.; Lee, E.S.; Goh, M.S.; Yoon, H.Y.; Kang, M.J.; Lee, S.; Choi, Y.W. RIPL peptide-conjugated
nanostructured lipid carriers for enhanced intracellular drug delivery to hepsin-expressing cancer cells. Int. J. Nanomed. 2018, 13,
3263–3278. [CrossRef]

109. Esfandyari-Manesh, M.; Abdi, M.; Talasaz, A.H.; Ebrahimi, S.M.; Atyabi, F.; Dinarvand, R. S2P peptide-conjugated PLGA-
Maleimide-PEG nanoparticles containing Imatinib for targeting drug delivery to atherosclerotic plaques. DARU J. Pharm. Sci.
2020, 28, 131–138. [CrossRef]

110. Wan, G.; Cheng, Y.; Song, J.; Chen, Q.; Chen, B.; Liu, Y.; Ji, S.; Chen, H.; Wang, Y. Nucleus-targeting near-infrared nanoparticles
based on TAT peptide-conjugated IR780 for photo-chemotherapy of breast cancer. Chem. Eng. J. 2020, 380, 122458. [CrossRef]

111. Hu, T.; Qahtan, A.S.A.; Lei, L.; Lei, Z.; Zhao, D.; Nie, H. Inhibition of HeLa cell growth by doxorubicin-loaded and tuftsin-
conjugated arginate-PEG microparticles. Bioact. Mater. 2018, 3, 48–54. [CrossRef] [PubMed]

112. Zhang, J.; Wang, L.; Chan, H.F.; Xie, W.; Chen, S.; He, C.; Wang, Y.; Chen, M. Co-delivery of paclitaxel and tetrandrine via iRGD
peptide conjugated lipid-polymer hybrid nanoparticles overcome multidrug resistance in cancer cells. Sci. Rep. 2017, 7, 46057.
[CrossRef] [PubMed]

http://doi.org/10.1166/jbn.2018.2588
http://doi.org/10.1016/j.bpc.2018.03.005
http://doi.org/10.1155/2021/5534870
http://doi.org/10.1039/C9DT03856F
http://doi.org/10.1002/cam4.3300
http://doi.org/10.3390/pharmaceutics10040199
http://doi.org/10.1089/nat.2020.0907
http://doi.org/10.1016/j.biomaterials.2017.10.035
http://doi.org/10.1016/j.nano.2020.102226
http://doi.org/10.1080/17425247.2020.1813712
http://doi.org/10.1016/j.biomaterials.2020.120347
http://doi.org/10.1208/s12249-019-1568-8
http://doi.org/10.1039/D0CC04943C
http://doi.org/10.2147/IJN.S166021
http://doi.org/10.1007/s40199-019-00324-w
http://doi.org/10.1016/j.cej.2019.122458
http://doi.org/10.1016/j.bioactmat.2017.04.007
http://www.ncbi.nlm.nih.gov/pubmed/29744441
http://doi.org/10.1038/srep46057
http://www.ncbi.nlm.nih.gov/pubmed/28470171

	Introduction 
	Barriers Associated with the Administration of Peptide Therapeutics 
	Peptide and Antibody Therapeutics 
	Peptides for Anticancer Therapy 
	Apoptosis-Related Peptides 
	Conjugates for Tumor Accumulation 
	Nanomedicine in Peptide Therapeutics 
	Cancer Immunotherapy 

	Bioconjugates with Drugs 
	Conclusions and Perspectives 
	References

