Life Sciences 233 (2019) 116754

Contents lists available at ScienceDirect

Life Sciences

journal homepage: www.elsevier.com/locate/lifescie

Review article

Peptide dendrimers as valuable biomaterials in medical sciences

Check for
updates

Fatemeh Sadat Tabatabaei Mirakabad®, Maryam Sadat Khoramgah®, Kamyar Keshavarz F.¢,
Maryam Tabarzad®*, Javad Ranjbari®""

2 Department of Biotechnology, School of Advanced Technologies in Medicine, Shahid Beheshti University of Medical Sciences, Tehran, Iran
Y Cellular and Molecular Biology Research Center, Shahid Beheshti University of Medical Sciences, Tehran, Iran

©School of Pharmacy, Shahid Beheshti University of Medical Sciences, Tehran, Iran

4 Protein Technology Research Center, Shahid Beheshti University of Medical Sciences, Tehran, Iran

ARTICLE INFO ABSTRACT

Keywords: Peptides are oligomers of amino acids, which have been used in a wide range of applications, particularly in
Peptide medical and pharmaceutical sciences. Linear peptides have been extensively developed in various fields of
D‘e“dri'm.er medicine as therapeutics or targeting agents. The branched structure of peptide dendrimers with peptide
Bioactivity (commonly, poly 1-Lysine) or non-peptide (commonly poly-amidoamine) core, often exhibits valuable novel
E}i‘:;z:ztcm features, improves stability and enhances the functionality of peptide in comparison with small linear peptides.

The potential applications of Branched and hyper-branched peptidic structures which are known as peptide
dendrimers in biomedical sciences have been approved vastly. A peptide dendrimer contains three distinct parts
including core, building blocks and branching units or surface functional groups. These structures provide a lot
of opportunities in the pharmaceutical field, particularly for novel drug development. In this review, a brief
summary of different biomedical applications of peptide dendrimers is presented, and peptide dendrimers as
active pharmaceutical ingredients and drug delivery carriers are discussed. Applications of peptide dendrimers
in vaccines and diagnostic tools are also presented, in brief. Generally, peptide dendrimers are promising bio-

materials with high evolution rate for clinical and non-clinical applications in medicine.

1. Introduction

Dendrimers are hyper-branched structures with a central core and
flexible surface functionality that are able to entrap, complex and/or
conjugate with therapeutic agents, and they are attractive carriers for
drugs. Nowadays, there are a number of established chemical ap-
proaches to synthesize dendrimers, as well as, various methods for
enhancing their physicochemical features and biocompatibility.
Different types of monomers can be used to generate spherical den-
drimers, but a vast range of them led to the cytotoxic products, basically
due to their high charge. Besides, they had limited half-life and rapid
clearance through their in vivo applications. Coating and functionali-
zation of dendrimers can rectify these limitations as well as induce site-
specificity and targeting property to spherical dendrimers [1,2]. Den-
drimers prepared from amino acids residues, are called peptide den-
drimers. Peptide dendrimers are spherical hyper-branched biomacro-
molecules with a peptidyl core, building blocks or branching units,
containing respectable surface functional units for covalent attachment
of other chemo/biomolecules [3,4]. Most of recently synthesized pep-
tide dendrimers have been prepared without core, which are

characterized with branching unit and highly functional surface. Den-
drimer roots in a Greek word of ‘Dendron’ that means ‘tree-like’, in
combination with the ‘mer’ that means ‘part’ [4,5]. In this review, a
brief illustration of structure and synthesis of peptide dendrimers is
presented. Then, different reported modifications on peptide den-
drimers are discussed. Finally, their promising application in ther-
apeutic and analytical fields of biomedicine are summarized.

2. Structure of peptide dendrimer

Peptide dendrimers can be prepared through polymerization of
amino acids or small peptide units. In other words, peptide dendrimers
generally are the dendrimers with peptide bonds in their structures
(Fig. 1) [6]. Scientists classified peptide dendrimers in three categories,
according to position of amino acids in the dendrimer structure. Types I
and II are the covalent peptide dendrimers, prepared from natural or
un-natural amino acids, incorporated into the dendrimer core, building
blocks, or branching units. Type III is non-covalent peptide dendrimers,
in which amino acids or peptides residues complex non-covalently with
a non- peptidic framework at surface [7]. One of the most common
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applied and commercially available polymeric cores for synthesis of
peptide dendrimers is poly-amidoamine (PAMAM) core. Peptides or
proteins can be attached to this structure which results in various
functional peptide dendrimers. A wide range of molecular weights have
been reported for peptide dendrimers from low molecular weight
structures (about 2KDa) to large structures with more than 100 KDa
molecular weight [4]. Peptide dendrimers like other dendrimers may be
presented in different generations based on the layer of branching from
Gy to Gy, in which n represented the number of branching cycles during
synthesis. Higher generations have more functional or branching unites
at their surface [7]. One of the common structures of peptide den-
drimers is poly-1-Lysine dendrimeric structures. These structures consist
of two classes, a-poly-lysine and e-poly-lysine, which the former is more
toxic and artificially synthesized, however, the naturally occurring
e-poly-lysine has exhibited more promising chemical and biological
properties and improved safety profile [8].

Rather than classical peptide dendrimers with symmetric branching
structure containing constant length of branching units, some of pep-
tide dendrimers have been asymmetrically synthesized, which have
different length in branching units radiated from core. Presence of
different spacers in central core or branches of dendrimers would make
a particular asymmetry in structure that changes the conformational
and physicochemical features of asymmetric peptide dendrimers. In
general, asymmetric peptide dendrimers may have particular properties
regarding self-assembly or complexing with other moieties [9].

A recent study introduced a novel bioreducible fluorinated peptide
dendrimers from low generation peptide dendrimers, in which the
chemical modification improved the cellular uptake, endosomal escape,
cytoplasmic trafficking and nuclear entry of dendrimeric structure.
Therefore, this type of peptide dendrimers was reported as a proper
carrier for therapeutic oligonucleotides delivery [10].

With regards to an in-silico study on structural features of peptide
dendrimers, it was reported that the presence of positively charged

Building Block:

Life Sciences 233 (2019) 116754

amino acids had influence on the structural properties including the
number and placement of charged amino acids in the dendrimeric
structure. Peptide dendrimers with high content of charged residues
have more structural plasticity, and reduced content of charged re-
sidues can increase the structural rigidity [11].

3. Conjugation/combination of peptide dendrimers with other
moieties

3.1. Self-assembly of dendrimeric peptides

The large size and controllable functionalities of dendrimers make
them an ideal choice for being assembled into supra-molecular struc-
tures in solutions. Polar dendrimers such as peptide dendrimers might
be aggregated in less polar solvents which is dependent on the reaction
condition and temperature [12]. Self-assembly of dendrimeric peptides,
forced by inter- or intra- molecular non-covalent interactions, such as
electrostatic, hydrophobic or hydrogen bonding can result in the for-
mation of supramolecular structures of peptide dendrimers, emerging
novel physicochemical features [13]. Similarly, it was showed that the
introduction of urea or urea-triazole at the core of peptide dendrimer
could result in the self-assembly of these structures and resulted in a
fibrillar morphology. These supra-molecular structures form gel in the
presence of organic solvents, which has great importance in the phar-
maceutical applications [14]. Regarding the self-assembly of surface
functional groups, peptidesomes were introduced, which have nano-
particulated structure. They mimic viral capsid and have promising
functions in gene transfection and can be applied as non-viral vectors
for gene therapy. A type of peptidosome were built through a two-step
self-assembly of globular peptide dendrimers with lysine residues at
ends of branches and poly (L-leucine) carrying one glutamic acid re-
sidue [15]. Self-assembly of Zn-mesoporphyrin as a chromophore to
peptide dendrimers, especially cationic peptide dendrimers, can result

amino acids or small peptide

A

' Dendrimer Core

Branching Unit
peptide or non-peptide

peptide or non-peptide

Fig. 1. Typical structure of a peptide dendrimer; three types (I-II-III) of peptide dendrimers are produced according to the position of amino acids or peptides.
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Table 1
Several examples of peptide dendrimer decorated nanoparticles.
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Nano-composite structure

Application Ref.

Ternary nanoparticles of [poly(carboxybetaine methacrylate) (pCBMA)(peptide dendrimer-

modified carbon dots (CD-D)/doxorubicin (DOX))]

Magnetic mesoporous silica nanoparticles coated with polyglutamic acid peptide dendrimer
(G3),attached to arginine-glycine-aspartic peptide (RGD); with or without Nottokinase
Glutamic acid-modified iron oxide nanoparticles modified EDA-KR2 peptide dendrimer (arginine

branching unit)

pH responsive tumor-specific drug delivery and
highly efficient cancer therapy
Dual targeted thrombolysis

Ma et al. [30]
Huang et al. [31]

Improved cancer therapy by combining Nigam and Bahadur
chemotherapy with magnetic hyperthermia. [32]

in light-harvesting nano-structures with an efficient biomimetic func-
tionality, similar to photosynthetic systems [16-18].

Lipidated peptide dendrimers are amphiphilic structures that can
self-assemble in to micellar particles. Therefore, these type of modified
peptide dendrimers are good candidates for the delivery of low soluble
therapeutic agents. For example, decanoic acid addition onto the core
peptide dendrimer with 4 positively charged arginine residues at
branching unit led to an amphiphilic molecule, which could quickly
assemble into micelles at/above the critical micelle concentration.
Therefore, this structure was able to encapsulate the negatively charged
bufalin, as an anti-cancer steroidal structure and therefore, improved
the bufalin solubility [19].

3.2. Conjugation with bio macromolecules

Peptides, proteins, lipids and polysaccharides can be attached to the
peptide dendrimeric structures for various purposes. Peptide den-
drimers can be constructed as multiple antigenic peptides (MAPs), an-
choring peptidic antigens with the aim of improving the im-
munogenicity [20]. Reports showed that the conjugation of peptide
epitope to sequential oligopeptide carrier, consisting of repetitive
linkage of Lys—Ala—-Gly moieties with favored spatial orientation can
lead to an effective presentation of epitope without steric hindrance
[21].

Conjugation with lipidic structures has been also extensively stu-
died. Peptide dendrimer-lipid conjugates have been mostly known for
their great effect on the efficiency of DNA and siRNA transfection
[22,23]. The attachment of asymmetric peptide dendrimer to lipids,
such as colic acid and decanoic acid, was investigated to design a self-
assembly micellar structure in the delivery of therapeutic oligonucleo-
tides. Results confirmed that the cholic acid-conjugated asymmetric
dendrimers, significantly, had a superior efficacy in oligonucleotide
delivery [24]. Considering other bioactivities, lipid (C6-C24) conjuga-
tion to second generation peptide dendrimer of lysine-leucine dipeptide
repeats (G2KL) showed broad activity against MDR strains of P. aeru-
ginosa and A. baumannii and MRSA strain of Staphylococcus aureus.
However, the authors found that elongation of lipid chain more than
C18 strongly elevated the hemolytic effect as an adverse effect [25].

In addition, attachment of polysaccharide moieties to peptide den-
drimeric structures can introduce novel features. Glycopeptide den-
drimers containing fucosyl or galactosyl groups had designed to de-
velop lectin-targeted anti-biofilm peptide dendrimers [26].

3.3. Conjugation with small chemicals

Small molecules or drugs can be conjugated to the large 3D struc-
ture of peptide dendrimers in order to enhance their delivery or
bioactivity. In this regard, a series of peptide dendrimers containing
lysine residues attached with multiple redox-active p-aminobenzoic
acid (PABA) were designed and synthesized for their antioxidant
property. Results confirmed that these large structures had significant
radical scavenging capacity, especially for radical cations, due to the
carrying multiple copies of PABA. Enhanced antioxidant activity of
PABA-functionalized peptide dendrimers might be donated to indole
residue or their 3D structure, which is called dendrimeric effect.

However, some of structures showed unexpected high cellular toxicity.
It was suggested that the structure of dendrimer could significantly
affect the chemical interaction with target [27].

Attachment of a chemical moiety to a peptide dendrimeric structure
can introduce the ability of complexation with other chemicals, such as
radiolabel agent to peptide dendrimers. In this regard, monomeric,
dimeric and tetrameric c[RGDfK] dendrimers were synthesized through
a microwave-assisted addition of cyclo[Arg-Gly-Asp-D-Phe-Lys] to
dendrimeric alkynes. This cyclopeptide was aVb3 integrin antagonists.
In addition, the RGD dendrimers were conjugated with a
1,4,7,10-tetraazadodecane-N,N’,N”,N”’-tetraacetic acid (DOTA) moiety,
which made the complex with '*'In as a diagnostic radioactive che-
mical. These radiolabeled structures had efficient tumor targeting fea-
tures. Among these structures, tetrameric RGD-dendrimer showed su-
perior tumor targeting compared with dimeric and monomeric
structures [28].

3.4. Peptide dendrimer decorated nanoparticles

More than self-assembled peptide dendrimeric nanostructures [29],
peptide dendrimers have been applied as surface coating or bioactive
agents accompanying nanostructures. Solubility and drug loading ca-
pacity of peptide dendrimers are of great importance in this regard.
Three of successful examples are presented in Table 1.

4. Biochemical activity of peptide dendrimers
4.1. Peptide dendrimers with catalytic/enzyme activity

Generally, combinatorial chemistry has been used for the discovery,
screening and optimization of peptide catalyzers [33]. The first use of
dendrimers as catalysts was reported in 1994 by Van Koten et al. who
synthesized silane dendrimers catalyzing the reaction of kharasch ad-
dition. In 1995, Bruner firstly used the term “Dendrizyme” for en-
antioselective dendrimer catalysts with a chelate core [34-36]. Lots of
efforts have been made to synthesize different dendrimeric structures
catalyzing various reactions, such as oxidation, alkylation, poly-
merization and others [37]. Among them, the first peptide dendrimer
with catalytic activity was introduced in 2003 [38]. Peptide dendrimers
do not undergo folding, and their globular or disk-shaped structure can
mimic enzymes, due to their topology. Reymound et al. in 2003 pre-
pared the first catalytic dendrimeric peptide with the sequence of
((CapCONH-A3)2(Branch)A2)2-(Branch)-Cys-A1-NH2, where serine,
aspartate and histidine were utilized at A1, A2 and A3 positions, and B
was an achiral diamino acid (1,3-diaminoisopropyloxy)acetic acid, as
the branching point. The use of cysteine residue resulted in the for-
mation of dimeric structure through disulfide-bridge. Among 21 syn-
thesized structures, three of them showed greater esterase activity than
others, in which histidine settled in A3 position and introduced the
functionality at branching ends, not in the core. These 3 structures
catalyzed the relative reactions in a pH dependent and modestly en-
antioselective manner. pH dependency was related to the pKa of his-
tidine residues, which was reduced following the cooperativity of other
side chains. In addition their catalyzing activity obeyed Michae-
lis-Menten kinetics [38]. In the next study, in order to increase the
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chiral discrimination ability of peptide dendrimers, Reymound group
altered the branching unit to 3,5-diaminobenzoic acid that led to an
opener structure in comparison with the compact dendrimeric structure
made by (1,3-diaminoisopropyloxy)acetic acid in the previous study,
which resulted in limited contact of substrate with core. They made G1-
G4 generation number of His-Ser-Asp peptide dendrimer [39], in which
higher generation number had His-Ser consensus sequence in all
branches, and then evaluated and compared their catalytical kinetic
features. It was found that the higher the size of dendrimer and the
higher number of histidine residues led to the higher catalytic rate and
substrate binding constants (K., and 1/K;,). Furthermore, relative
substrate binding/product binding capacity was high, and raised up in
higher generation numbers. As a result, this study demonstrated a
strong dendritic effects in peptide dendrime-catalyzed ester hydrolysis
reaction. However, the yield of synthesis was low for higher generation
number (4.6% for G4). Therefore, in the following study, they used
multivalent ClAc-ligation to prepare bigger dendrimers, a method that
has been used for the attachment of peptides to PAMAM dendrimers.
This mechanism is a convergent thioether ligation, consisting a reaction
between the cysteine of G2 or G3 peptide dendrimers and the chlor-
oacetylated N-termini of a peptide dendrimer. Using this approach,
their group has made G5 and G6 peptide dendrimers. This method also
can be applicable for the synthesis of peptide dendrimers with different
cores and branch sequences [39-43].

Not all the catalytic sites are at the branches of peptide dendrimers.
Catalytic peptide dendrimer with esterase activity containing catalytic
site at the core has also been reported. In these artificial esterases, the
structure of the best catalyst was comparable to previously reported
catalysts with catalytic sites at the branches. Histidine residue has the
principal role of catalysis in the core and branches made of aromatic
amino acids (Tyr and Trp) together with the later structure improved
the catalyzing effect [44].

Reported catalytic activities of peptide dendrimers are not limited to
ester hydrolysis. Peptide dendrimers with aldolase and peroxidase ac-
tivities were also reported by Reymound group [42,45,46]. The pyr-
rolidine ring of proline and N-termini or side chain of lysine play the
significant role in catalysis efficiency for acetone aldolization and cy-
clohexane aldolization, respectively [45]. Dendrimeric enzyme model
of peroxidase was the first metallopeptide dendrimer example of aqu-
eous catalysis. Two identical G2 or G3-peptide denderimers rich in
glutamate residues were bound to head and end of 5,5-Bis(bromo-
methyl)-2,2"-bipyridine by thioether bond. At acidic pH4, tri-co-
ordinated complex [Fell (BP1)3] was formed following the addition of
Fe(II). At pH6.5, due to anionic side chains of glutamate residues, a
mono-coordinated complex [Fell (BP1)] was formed. [Fell (BP1)]-me-
tallopeptide dendrimer complex catalyzed oxidation with kinetics si-
milar to oxidation by H0,. Considering that Fe(II) and [Fell(BP1)3]
could not catalyze the reaction by itself [46].

4.2. Peptide dendrimers as receptor inhibitors

Peptide dendrimers have been proven to be useful as an inhibitor for
essential proteins and enzymes of pathogens, tumor cells and immune
system, as well as for the inhibition of protein aggregations, due to their
controllable structures and multi-valence structure. Freund et al. con-
structed a multivalent dendritic polyglycerol scaffold, which has seven
peptides with the sequence of WPPPPRVPR, to inhibit the proline-rich
sequence at the recognition site of formin-binding protein 21 (FBP21),
which is an important protein for the splicing of pre-mRNA in eu-
karyotic cells. They reported that these peptide dendrimer displayed a
circa 10-fold enhanced affinity towards the WW domains of FBP21
protein as compared to the monovalent peptide [47].

5. Therapeutic applications of peptide dendrimers

Biocompatibility and low toxicity of peptide dendrimers have made
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them an attractive material for clinical applications. Peptide den-
drimers can be considered as bioactive ingredients, as well as bio-
compatible carriers. One of the most studied activities of these bio-
materials is their activity as potent antimicrobial agents. Besides, they
can be good architecture for presenting peptide antigens as they are
able to present multiple antigens, simultaneously. They can also be
designed as specific protein agonists or antagonists. The following
sections illustrate the bioactivities of peptide dendrimers.

5.1. Antimicrobial activity of peptide dendrimers

An interesting class of peptide dendrimers is those with effective
antimicrobial properties, which are called antimicrobial peptide den-
drimers (AMPD). Common antimicrobial peptides (AMP) are commonly
produced via defense system of multicellular organisms, and have a
wide spectrum of antimicrobial activity against bacteria, viruses, fungi
and some other pathogenic organisms [48]. AMPDs activity is mostly
contributed to their positively charged amino acids, which give them
the ability to attach the membrane and also to hydrophobic residues for
membrane anchoring and disintegration [49]. It has been demonstrated
that AMPDs, compared with AMPs, were more resistant to proteolysis,
due to their molten globule-like structure. In addition, they led to fewer
hemolysis. Commonly, AMPDs was designed based on a dendritic poly
(lysine) tree as backbone for adding AMP sequences, but in a study, a
combination of topology and sequence design was applied to introduce
a potent antimicrobial agent against Pseudomonas aeruginosa and Aci-
netobacter baumannii. The designed AMPDs consisted of Lys (K) and Leu
(L) residues, ((KL)g(KKL)4(KKL)>KKL, named as G3KL, including mul-
tiple short dipeptides in connection to a lysine branching structure
[50]. Moreover, Pires et al. demonstrated the biological activity of
G3KL against a number of different worldwide clinical isolates of Aci-
netobacter baumannii and also, P. aeruginosa (including antibiotic re-
sistant species). This study presented that G3KL peptide dendrimer was
an efficient antibiotic compared to standard therapeutics against mul-
tidrug-resistant, particularly drug-resistant A. baumannii and P. aerugi-
nosa isolates. G3KL is a third-generation AMPD, which act as a mem-
brane disrupting agent. The in vitro study of G3KL activity confirmed
that G3KL could be a novel drug candidate, which had low minimum
inhibitory concentration (MIC)/minimum bactericidal concentration
(MBC) values compared to other AMPDs, and it had little toxicity for
red blood cells [51]. Antimicrobial peptide dendrimers with preferred
selectivity have been also designed. For example, Lind et al. synthesized
a new amphiphilic peptide dendrimer, named BALY, which was effec-
tive on multi-resistant bacteria. Although the results exhibited that the
MIC of this peptide was near 1 mM for gram-positive bacteria (e.g. S.
aureus), through cell lysis mechanism, however, it showed 10 times
more selectivity for gram negative species [52].

With regard to the therapeutic challenges of biofilm (resulted from
bacterial lectins, LecA and LecB) which formed by the human pathogen
P. aeruginosa and make a barrier against antibiotics activity, peptide
dendrimers had been reported that could inhibit biofilm construction,
due to the potentials of being multivalent and having high dispersion
activity. Since the fucosyl groups are targeted to LecB and the ga-
lactosyl groups, they preferably bind to LecA, and therefore, glyco-
peptide dendrimers which had targeted to the lectin, can exert a sig-
nificant inhibition against biofilm formation [26]. The high affinity
multivalent fucosyl-peptide dendrimers bind to lecB that is responsible
for tissue attachment and the formation of P. aeruginosa biofilms.
Reymond et al. reported that two fucosyl-peptide dendrimers, including
FD2 (C-Fuc-Lys-Pro-Leu)y (Lys-Phe-Lys-Ile), Lys-His-Ile-NH, and PA8
(OFuc-Lys-Ala-Asp), (Lys-Ser-Gly-Ala), Lys-His-Ile-NH,, strongly bind
to lecB, thereby inhibit and disrupt the P. aeruginosa biofilm estab-
lishment. It has been proved that fucose-specific lectin (LecA), which
has similar function to LecB, could be inhibited by specific glycopeptide
dendrimers, named GalAG2 and GalBG2 [53]. Recently, this research
group improved the previously reported structure by exploiting the
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multivalent chloroacetyl cysteine thioether (ClAc) ligation. They re-
ported that the attachment of four copies of Lewis antigen, as the
natural LecB ligand to the dendrimeric structure, could result in a
slightly stronger binding capacity compared to other structures and
exhibited good biofilm inhibition. This study showed that the addi-
tional positive charges could increase biofilm inhibition and anti-bac-
terial or bactericidal effect. It was notable that biofilm inhibition and
dispersion would be better acquired through simultaneous application
of dendrimer and traditional antibiotics, as seen in co-administration of
FD2 peptide dendrimer and tobramycin. It was suggested that combi-
nation therapy with this peptide dendrimer synergistically improved
the antibiotic effects [54].

Peptide dendrimers have also shown antiviral activity, in some
cases. Antiviral activities of an antimicrobial peptide dendrimer,
SB105-A10, synthetized on a lysine core with four 9-mer peptide chains
on surface [55], against human papillomaviruses [56], human re-
spiratory syncytial virus (RSV) [57] and human immunodeficiency
virus type 1 (HIV-1) [58] were reported. It was suggested that this
structure could block the viral attachment and entry to target cells.
Moreover, Roy et al. reported the synthesis of a peptide dendrimer
containing sialic acids coated on a core of poly-lysine. This peptide
dendrimer could cross-link and precipitate Limax flavus lectin [59], in
addition to inhibiting the influenza virus hemagglutinins of various
strains [60]. Novel peptide dendrimers against Herpes viruses have
been also reported, which prevent HSV-1 and HSV-2 attachment to
target cells [61].

5.2. Peptide dendrimers as an anti-thrombotic agent

It was shown that some peptide dendrimers could exhibit anti-
thrombotic effect. For example, PEGylated polyglutamic acid peptide
dendrimer (G3-PEG-G3) [62] could exert respectable thrombolytic ef-
fect. In addition, loading of nottokinase as a thrombolytic enzyme on
peptide dendrimer could improve thrombolytic activity. Nottokinase
(NK) loaded polylysine dendrimer (PLLD G4) [63] was designed that
showing promising anti-thromobtic effect. The main point was the fact
that the loading of NK with positive charges on polyglutamic acid
peptide dendrimers with negative charges is a simple electrostatic in-
teraction. In this way, the enzyme activity of NK was conserved, and the
anti-thrombotic effect of G3-PEG-G3 was also added. Furthermore, the
presence of PEG increased the size of the dendritic macromolecules and
therefore, prolonged blood circulation time, which resulted in an im-
proved dissolution of thrombus. Since the loading efficiency of this
approach is relatively low, so through another approach, a series of
multiarm-polyethylene glycol-polyglutamic acid peptide dendrimers (x-
PEG(G3)x, x 5 2, 4, 6, 8) was designed as NK carrier through another
approach. Results showed that 4-PEG(G3), with 4 armed PEG had a
higher loading efficiency and excellent potential in dissolving thrombus
using in vitro and in vivo studies [64].

5.3. Peptide dendrimers with anti-cancer activity

Gu et al. were designed tryptophan-rich peptide dendrimers
(TRPDs) as a novel dendritic peptide drug candidate for efficient tumor
therapy. It has been shown that molecular structure of TRPDs could
create supramolecular aggregates by significant interactions between
DNA and tryptophan residue (indole rings and amino groups), which
led to the disruption of tumor cell cycle and acceleration of cell apop-
tosis at tumor sites [65]. In another study, Kojima and Kondo et al.
developed several peptide dendrimers, CPP44-linked pl6INK4a
(tandem linked dendrimer), CPP44 and pl6INK4a (parallel linked
dendrimer), for acute myelogenous leukemia (AML) and reported their
tumor targeting activities via CPP44 peptide and their antitumor effects
due to the antitumor p16INK4a peptide. They suggested that the con-
jugation strategy was important for preparing highly active peptide-
conjugated dendrimers with dual functionality [66].
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5.4. Peptide dendrimers as antigen presenting agent

5.4.1. Peptide dendrimers as vaccines

Peptide dendrimers have been considered as immune responses
inducers, including the production of antibodies with high sensitivity
[67,68]. In this regard, multiple antigenic peptides with dendrimeric
structure were introduced that were able to present multiple copy of an
antigen or multiple antigens to the immune system, simultaneously.
Therefore, MAPs can be promising vaccines towards various cancers
and viral infections [67,69]. Tam et al. used poly 1-lysine dendrimer as
a peptide carrier for multiple copy of antigenic peptides, and in-
troduced MAPs as a suitable carrier structure for various antigens that
could induce strong immune response. These structures were applied to
design and generate vaccines against Aphtae epizooticae, AIDS and
malaria [70]. Various studies on the development of effective vaccines
based on peptide dendrimers, against sever life threatening infections,
such as malaria and HIV, have been progressed during last decades
[67,71]. In a more recent study, a synthetic “star” nanostructure was
designed for immunization against HIV that is based on a biocompatible
polymer on a PAMAM dendrimeric core, which is covalently attached to
Envelop variable loop 3 (V3) and T-helper glycol-peptides at branching
units. Using in vivo studies, these star-shaped nanoparticles showed
efficient targeting property towards lymph nodes, specially towards
sub-capsular macrophages and resident dendritic cells. This strategy
improved the immunogenicity response and antibody titers [72]. In
these studies, co-administration of T-cell activator antigens has an im-
portant role in design of effective vaccines.

Applications of MAP dendrimers as vaccine for influenza (type A)
[73], hepatitis virus (A and C) [74,75], swine fever virus [76,77], Foot-
and-mouth disease virus (FMDV) [78,79] and HIV [80] have been re-
ported. However, dendrimer vaccine has some restrictions in delivery,
neutralization and bio-stability [67]. Sato et al. synthesized a series of
carbosilane dendrimers uniformly functionalized with hemagglutinin
(HA)-binding peptide (sialic acid-mimic peptide; Ala-Arg-Leu-Pro-Arg),
then evaluated the activity of this vaccine against two human influenza
viruses (HIN1 and H3N2). The results showed that biological activities
of peptide dendrimer depended on the form of their core frame, as the
dumbbell-type carbosilane-based dendrimer displayed the strongest
inhibitory activity [81].

Using different epitopes simultaneously is one of the main ad-
vantages of peptide dendrimers as vaccines. Hague et al. synthetized
hetero-multimeric peptide constructs, which could stimulate B-cell and
Ty, cell immune responses. These martial display enhanced binding,
avidity and specificity towards an established HIV-neutralizing human
antibody Mab b12. They suggested that these hetero-multimeric pep-
tide constructs had potential to be applied as HIV-1 vaccine candidate
[82]. In a recent study, dendrimeric structure was used to enhance
immune response to weak antigenic epitopes. Attachment of multiple
copies of Candida albicans' glycopeptidic epitopes simultaneously in a
dendrimeric structure improved antigen uptake by antigen presenting
cells and therefore, the following immune response. (31,3 hexaglucan
ligand as a dectin-1 (dendritic cell receptor) specific ligand and T-cell/
B-cell epitopes peptide were covalently attached to the opposite sides of
dendritic vaccine core, which resulted in a asymmetric peptide den-
drimer with multiple antigenic sites (Fig. 2). Activity assay of this
construct in mice showed that it could be a promising glycopeptide
vaccine against Candida albicans, but more optimization should be
performed [83].

This strategy was also applied for immunization against foot-and-
mouth-disease virus (FMDV). Balnco et al. designed a bi and tetra-va-
lent B-cell and T-cell epitope dendrimeric vaccine against FMDV using
different linkers and were evaluated in swine. Results confirmed that
bivalent dendrimeric vaccine was more promising and cost-effective
candidate for FMDV vaccine than tetra-valent dendrimers [84]. T-cell
and B-cell binding site of the viral capsid protein were also considered
in designing another dendrimeric peptide vaccine against FMDV
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Fig. 2. Schematic presentation of asymmetric dendrimeric structure as a potential vaccine, designed for immunity development against Candida albicans. DC epitope:

dendritic cell epitope [83].

(Fig. 3). All the designed vaccines could partially promote inter-
serotype/intraserotype protection rather than humeral immunity
against FMDV in cattle, which was a challenge in FMDV immunity
produced after traditional vaccines [85].

5.4.2. Peptide dendrimer in diagnosis

Synthetic peptides are one of the attractive diagnostic tools espe-
cially for life threatening viral diseases [67]. Due to low coating effi-
ciency, constrained orientation and flexibility of short synthetic pep-
tides, they can be used as antigens in sero-diagnosis of bacterial or viral
infections. Researchers have focused on the development of highly
branched peptides to overcome the limitations in immunoassays and
sero-diagnosis [86]. More than their application as vaccine, MAPs can
be used as a sensor to detect pathogen- specific- antibodies in serum or
other biological samples by colorimetric, enzyme-linked im-
munosorbent assay (ELISA) and surface plasmon resonance (SPR)

methods (Table 2) [67].

6. Peptide dendrimers in drug delivery

Since dendrimers have a small and designable structure, they can be
designed to mimic the action of a variety of biomolecules in addition to
acting as a drug carrier [90]. Peptide dendrimers have been also con-
sidered for controlled drug delivery. Kojima et al. synthesized and
characterized the fully elastin-mimetic dendrimers with different pep-
tide lengths, which belong to different dendrimer generations, to con-
trol the dependency of delivery system on temperature. They reported
that temperature dependency of the elastin-mimetic dendrimers was
similar to the elastin-like peptides, and they could aggregate by phase
transition, in which the related phase transition temperature was af-
fected by the peptide length, dendrimer generation, salt concentration
and pH [91].

Peptide General structure
B,T B epitope
B epitope s Lys \
B epitope v Lys
B epitope
B,T B epitope ‘HLL
B epitope

Fig. 3. Schematic presentation of dendrimeric peptide vaccines designed for FMDV [85].
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Table 2
Some examples of peptide dendrimers as diagnostic tools.
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Target Specific feature

Application Ref.

Hepatitis G virus type C
proteins tags of for the diagnosis of GBV-C infection
Plasmodium malariae

Bursal disease virus
(IBDV)

MAPs containing VP2 protein

Tetrameric branched peptides containing structural and nonstructural

Octameric MAP, carrying 6 repeats of tandem repeated sequence of the
immunodominant region of the circumsporozoite (CS) protein
HIV Four-branch MAP derived from the V3-loop of HIV-1 gp120 as antigen

Prognostic marker for unusual clinical manifestation
in patients with HCV/HIV co-infection

Detecting antibodies in sera from naturally
immunized individuals

High sensitive immunoassay for HIV antibodies
ELISA test for IBDV detection

Goémara [87]
Habluetzel [88]

Kin and Pau [86]
Saravanan [89]

Dextran conjugated peptide dendrimers recently have been studied
for its potential intracellular drug delivery. To synthesize this struc-
tures, poly L-Lysine peptide dendrimers were pre-fluorinated, which
resulted in more hydrophobic branches. Having this feature gave the
advantage of self-assembling of peptide dendrimers and hydrophobic
drugs through hydrophobic interaction. Connection of this peptide
dendrimers to hydrophilic dextran shell through acid-sensitive hydro-
zone bond led to a structure that was dis-assembled inside lysosomes
following the fusion of endosomes to lysosome [92].

Another controlled released drug delivery system based on peptide
dendrimer was designed to deliver gemcitabine to the tumors. The
GFLG peptide is an enzyme cleavable linker that was applied to con-
jugate gemcitabine to a dendrimeric peptide structure. GFLG peptide is
the substrate of Cathepsin B and cleavage of this peptide can lead to
intra-lysosomaly drug release. PEGylated peptide dendrimer was re-
acted with GFLP-gemcitabine to produce a final nanostructure with
improved cancer targeting, as well as intracellular drug release. Results
of in vitro, ex vivo and in vivo cytotoxicity studies confirmed that it can
be considered as a promising anticancer agent in breast cancer therapy
[93].

Study on the application of peptide dendrimers in controlled drug
delivery systems is an attractive field of pharmaceutical studies, which
is progressing extensively.

6.1. Gene delivery

Application of peptide dendrimers in gene delivery has been an-
other attractive filed for pharmaceuticals scientists. For example, a
combination of peptide dendrimer and Lipofectin was developed for
delivery of splice-switching oligonucleotide [94]. Also, a flexible
strategy had been developed including cooperative two-step hier-
archical self-assembly of globular poly (i-lysine) dendrimers with a
linear poly (1-leucine) into nano-architectures that mimics viral capsids
[15]. It was reported that this capsid-like nanostructures as non-viral
gene vectors, had high gene-transfection efficiency.

Over the past three decades, due to the unique characteristics such
as controllable three-dimensional molecular architecture (shape and
size), low polydispersity, highly adjustable surface chemistry, bio-
compatibility, high cellular uptake and endosomal scape, many re-
searchers have tested peptide dendrimers as candidates for non-viral
nucleic acid delivery [95].

Among different types of dendrimers, polypropylene imine (PEI)
and PAMAM derivatives have been widely studied as gene delivery
vehicle [96,97]. Although PAMAM derivatives showed an ideal struc-
ture for nucleic acid transfer, along with the increase of PAMAM gen-
erations and transfection efficacy, its cytotoxicity raise [98]. Therefore,
researchers have tried to modulate the structure of aforementioned
polymer in order to achieve the appropriate dendrimers for gene
transfection with high efficacy and low toxicity. Choi et al. made ar-
ginine and lysine functionalized PAMAM, and analyzed them in com-
parison with the regular PAMAM and PEI. The results showed that gene
transfer by PAMAM-Arg was better than the regular PAMAM and
PAMAM:-Lys. Nonetheless, PAMAM-Arg showed low transfection effi-
cacy and cytotoxicity as compared to PEI [99]. With the aim of gene

delivery across the blood-brain barrier, Zarebkohan et al. developed the
4th-generation PAMAM dendrimers functionalized with SRL (serine-
arginine-leucine), and compared them with PAMAM-Arg and PAMAM-
DNA particle. The result demonstrated that SRL-PAMMA dendrimers
exhibited a better penetration to the brain compared to the others
[100]. It was reported that increase in the generation of dendrimer
could affect the gene transfection, as the 5th generation-peptide den-
drimers functionalized with arginine are more promising in gene
transfection, and also had lower cytotoxicity compared with 6th gen-
eration, [101].

The type of dendrimer core can affect the transfection efficiency.
Yiyun Cheng et al. developed PAMAM-cored dendrimers, including
Diaminododecane-cored generation 4 (C12G4), diaminoethane-cored
generation 4 (C2G4) and diaminohexane-cored generation 4 (C6G4)
and then, evaluated their gene transfer efficacy. Among these peptide
dendrimers, C12G4 showed dramatically higher efficacy in gene
transfection. Also, the transfection efficacy of modified C12G4 with
arginine was significantly increased. Moreover, 2,4-diaminol,3,5-tria-
zine and fluorine compounds were tested and resulted in efficacy en-
hancement. They reported that transfection efficacies of these modified
C12G4 were higher than commercial gene transfection reagents, such as
SuperFect and Lipofectamine 2000 [102].

Addition of lipid to the structure of peptide dendrimers has influ-
enced on the toxicity and delivery efficiency. Kokil et al. synthesized a
panel of low-generation cationic peptide asymmetric dendrimers with
side arm lipid (cholic and decanoic acid) conjugation, and assessed
their performance in the delivery of genes to a range of cells types. The
result showed that these peptide dendrimers are non-cytotoxic in a
broad concentration range. Furthermore, the cholic acid-conjugated
asymmetric dendrimers possessed far superior delivery efficiency,
compared with commercial Lipofectamine [24].

Peptide dendrimers have also been evaluated for siRNA delivery.
Reversible crosslinking of G2-lysine peptide dendrimers in bioreducible
fluorinated peptide dendrimers complexed with siRNA, not only re-
sulted in efficient endocytosis and endosomal escape but also enhanced
the physiologic stability. Gu et al. could improve the delivery of siRNA
to cancer cells, using polyhedral oligomeric silsesquioxane (POSS) at
the core of low generation peptide dendrimers together with some
modifications, including crosslinking and fluorination [10,103,104].

6.2. Delivery of chemotherapeutics

Nowadays, new approaches are available to reduce toxicity and
expand bioavailability of cancer therapeutics. In many studies, peptide
dendrimers have been applied for drug delivery of anti-cancer agents
(Table 3). Some interesting reports confirmed that the superficially
combined carbohydrates with peptide dendrimers of aspartate, histi-
dine and serine that form glycopeptide dendrimer, could be used for the
delivery of antineoplastic drugs [105].

Active targeting through affinity ligands can be adapted with pep-
tide dendrimer-based delivery systems. Aptamer conjugated peptide
dendrimers have been studied for targeted delivery to lung adeno-
carcinoma cell line (A549). A549 cells with overexpressed mucin-1 on
their membrane were investigated for the potential targeting ability of
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anti-MUC aptamer conjugated to peptide dendrimer. The study con-
firmed the effective internalization of the conjugated peptide den-
drimers [117].

Application of peptide dendrimers are extremely interested for skin
and oral delivery of therapeutic agents:

6.2.1. Peptide dendrimer in skin delivery

Generally, conventional chemical and physical methods in dermal
drug delivery are restricted because of the complexity of application,
skin irritation and poor patient compliance. Hence, dendritic polymers
have been verified regarding their ability in improving the dermal de-
livery of different molecules. Dendrimers have multiple advantages for
drug delivery across the skin due to high drug loading capacity and
minimal skin irritation potential. Dendrimers can help the therapeutic
agents to penetrate into the skin, which is mostly rely on the molecular
size, surface charge and terminal functional groups surrounding the
dendrimers. Treatment of diseases such as skin cancer, psoriasis and
other genetic disorders with origins in skin epidermal layers needs lo-
calized drug delivery, which dendritic polymers can play a significant
role to achieve therapeutic goal. In addition, some dendrimers have
antimicrobial properties, which were approved for vaginal application,
and it can be used further in the treatment of skin infectious, such as
acne vulgaris. Applications of dendrimers for skin-mediated delivery
systems could be categorized in three groups. In the first one, peptide
dendrimers with topical application on skin surface are gathered, and
they are mostly achieved by the higher generation dendrimers (> G6).
The second group has effect on the intradermal parts of skin via lower
generation (G2-G5), neutral or cationic dendrimers, and the last group
on transdermal area of skin which achieved by the lower generation of
dendrimers (G1-G4) [118]. In numerous studies regarding skin de-
livery, researchers have employed peptide dendrimers, sometimes by
collaboration of a physical transport mechanism such as the low-fre-
quency ultrasound (sonophoresis) [118], which offered that acoustic
cavitation, induced by means of the ultrasound waves led to greater
penetration into the skin [119,120].

6.2.2. Peptide dendrimers in oral delivery

The oral route is the most convenient approach for drug adminis-
tration. Novel drug delivery systems are in the spotlight of studies be-
cause of optimal gastrointestinal (GI) transit, site-specific drug delivery
and high oral drug bioavailability. Peptide dendrimer as one of these
novel delivery systems has been applied in this regard.

Through the study of anionic PAMAM dendrimer in oral delivery
system, it was demonstrated that anionic PAMAM dendrimers genera-
tions 2.5 and 3.5 had principally rapid transfer rates and few tissue
deposition, representing a very effectual transport pathway [121]. In
practice, a peptide dendrimer containing vasoactive intestinal peptides,
which was bound covalently to PAMAM dendrimers, showed promising
results as a remarkable carrier for the intestinal delivery of peptide
[122]. Accordingly, peptide dendrimeric structures with PAMAM core
can be developed as an oral delivery vehicle.

An asymmetric amino acid-based peptide dendrimer with arginine
terminal groups was also applied to encapsulate bufalin for intestinal
delivery. The bufalin-peptide-dendrimer inclusion improved the in-
testinal permeability and therefore, bioavailability of bufalin as a
bioactive ingredient [123].

6.3. Peptide dendrimers for targeted bone delivery

Some studies on peptide-dendrimer systems have been evaluated in
bone drug delivery in order to treat bone cancer. Janus dendrimers
have shown promising results in this regard. This type of dendrimers
contains two different functionalized parts on opposite sides, and
showed self-assembly properties in addition to specific thermal beha-
vior, and they can be applied in drug delivery. Zhao et al. had pre-
viously synthesized lysine dendrimers conjugate with 5-fluororacil

Life Sciences 233 (2019) 116754

(G1-G3), which could easily penetrate to the cells. This system showed
less cell uptake in normal cells compared to cancerous cells, thus, led to
a reduction in cytotoxicity while retaining a sensible anticancer prop-
erty. Another special peptide dendrimer was designed for bone de-
livery, which consisted of two distinct parts: one is RGD dimer and the
other is 5-fluorouracil dimer, which created the first-generation Janus-
type dendrimer. In vitro assays showed that this conjugate could bind to
the major inorganic component of bone, hydroxyapatite, and it had a
potential to induce sustained-release delivery with minimum side-ef-
fects [124]. Furthermore, peptide dendrimers with glutamic or aspartic
acids demonstrated great selectivity to bone tissue [125]. In a study,
hepta-aspartic acid (DDDDDDD) was covalently attached to a den-
drimeric structure containing naproxen. Resulted amphiphilic super-
molecule self-assembled into a micellar structure that efficiently en-
capsulated curcumin, which is used to treat osteosarcoma. Curcumin
extracted from the herb Curcuma longa is a natural product, and has
many therapeutic effects, such as antioxidant, anti-inflammatory and
antitumor activities, reported in osteosarcoma, breast and colon cancer.
Synergistic antitumor effects was seen when curcumin is combined with
naproxen. In this structure, curcumin dispersed in naproxen-dendrimers
released rapidly from the micelles. Curcumin micelle displayed more
cytotoxic effect on cancer cells than free curcumin and naproxen-den-
drimer, which might be due to the induction of apoptosis through mi-
tochondrial pathway. Micellar encapsulation improved the absorption
of curcumin by the cancer cells with high selectivity [126].

7. Analytical application of peptide dendrimers

7.1. Protein A mimetic peptide dendrimers for antibody detection and
purification

In 1996, Fassina et al. identified a peptide mimicking Staphylococcus
aureus protein A when screened a library of synthetic multimeric pep-
tides. Protein A is a surface protein in the cell wall of S. aureus, which
plays an important role in pathogenesis of these bacteria. The protein A
mimetic (PAM) peptides can similarly recognize the Fc portion of IgG
immunoglobulin, and can be used for antibody purification and ther-
apeutic approach in autoimmune diseases, such as Lupus erythematosus.
In this regard, a 4-mer of the Arg-Thr-Tyr (L- and D- aminoacid) linked
to an asymmetric polylysine core has been identified as a good affinity
ligand for FC of IgG, which can be used in affinity column chromato-
graphy of IgGs. The immobilized peptide dendrimers were not affected
by denaturants, detergents or other reagents commonly used in ther-
apeutic protein development [127]. Dinon et al. reported a novel
dendrimeric peptide ligand, D-PAM-®, which have high capacity for
human IgG, and suggested that this ligand could be used as inhibitor of
the Fcy receptor. D-PAM-® was obtained via addition of a hydrophobic
group, phenylacetyl, at the free N(alpha) position of the terminal ar-
ginine of D-PAM, which had improved its affinity towards antibodies
[128]. Nowadays, PAM and its derivatives are interesting biomaterials
in the purification of therapeutic monoclonal antibodies [129,130].

8. Conclusion

Peptide dendrimers are highly branched nano-bio-structures that
can present multiple functionalities in biomedicine. Building blocks and
surface branching unites of peptide dendrimers may consist of bioactive
peptides, which result in pharmacologically active supramolecular
structures. They have been confirmed for their potential applications in
infections, thrombotic events and vaccination up to now. Moreover,
promising physicochemical features of peptide dendrimers make them
an interesting drug delivery vehicle, especially for gene delivery, cancer
targeted delivery, skin and intestinal delivery of poorly soluble drugs
and etc. It seems that peptide dendrimers will be developed to the
pharmaceutical market in recent future, if the cost of their synthesis as
one of the limiting factors is removed.
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