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a  b  s  t  r  a  c  t

Dendrimers  are  hyperbranched  polymers  belonging  to the  huge  class  of  nanomedical  devices.  Their  wide
application  in  biology  and  medicine  requires  understanding  of  the fundamental  mechanisms  of their
interactions  with  biological  systems.  Summarizing,  electrostatic  force  plays  the  predominant  role  in
dendrimer-protein  interactions,  especially  with  charged  dendrimers.  Other  kinds  of  interactions  have
been proven,  such  as  H-bonding,  van  der Waals  forces,  and  even  hydrophobic  interactions.  These  inter-
actions depend  on the characteristics  of both  participants:  flexibility  and  surface  charge  of  a dendrimer,
rigidity  of protein  structure  and  the localization  of charged  amino  acids  at  its  surface.  pH  and  ionic
rotein
nteraction

echanisms
anomedicine

strength  of solutions  can  significantly  modulate  interactions.  Ligands  and  cofactors  attached  to  a  protein
can  also  change  dendrimer-protein  interactions.  Binding  of dendrimers  to a protein  can  change  its sec-
ondary  structure,  conformation,  intramolecular  mobility  and  functional  activity.  However,  this  strongly
depends on  rigidity  versus  flexibility  of a protein’s  structure.  In  addition,  the  potential  applications  of
dendrimers  to nanomedicine  are  reviwed  related  to dendrimer-protein  interactions.

© 2017  Elsevier  B.V.  All  rights  reserved.
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. Introduction

Application of nanoparticles in medicine leads to their inter-
ction with blood, with serum containing >2392 proteins [1,2],
r cerebrospinal fluid (CSF) containing >2630 proteins [3]. If a
anoparticle has a rigid surface, a large size (higher than a protein
lobule) and a strong charge, it can absorb proteins at its surface
y means of electrostatic or van der Waal’s forces, hydrophobic

nteractions or hydrogen bonds, forming a protein coating – a ‘pro-
ein corona’ [4–6]. This can determine absorption, distribution,
iocompatibility, excretion and biological activity of nanoparticles
4–6]. But what is happen if the nanoparticle is small and ‘soft’, e.g.
endrimer [7]? Dendrimers are hyperbranched polymers belong-

ng to a class of nanomaterials [7–19]. They are globular in shape
ith topological structure formed by monomeric subunit branches
iverging on all sides from the central core. The following fea-
ures can be distinguished in dendrimers: (i) multivalent surfaces
ontaining numerous potentially active sites, (ii) envelopes sur-
ounding the core, and (iii) a core with attached dendrons [7–13].

ith regard to modifications, >200 kinds of dendrimers have been
ynthesized [7–19]. None of the most widespread families can be
istinguished: poly(amide amine) (PAMAM) dendrimers are based
n the ethylenediamine core, and their branches consist of methyl
crylate and ethylenediamine [7]. Half generations of PAMAM den-
rimers have carboxyls whereas complete generations have amino
roups on their surface. Polypropyleneimine (PPI) dendrimers
re based on the butylenediamine core and polypropyleneimine
onomers [8,9]. Besides PPI, another popular abbreviation of

hese dendrimers is DAB (diaminobutyl), the name of the core.
n phosphorus-based dendrimers, the phosphorus atoms occur in
he core and branches of these dendrimers [8,9]. Carbosilane den-
rimers have a silicon core and ammonium or amino groups at their
eriphery [8]. Poly(lysine) dendrimers are based on lysine and have
oly(lysine) branches and surface groups, whereas poly(ester),
oly(glycerol), melamine and triazine dendrimers are based on
heir corresponding monomer units [8]. Among them, PAMAM
StarburstTM), poly-etherhydroxyl-amine PEHAM (PriostarTM), PPI
AstramolTM) and phosphorus based dendrimers are commercially
vailable. The architecture and properties of dendrimers depend on
he generation. Low generations of dendrimers have an open, flat-
ened and asymmetric shape, but the structure becomes globular
nd densely packed on the periphery as the generation increases.
here are empty cavities inside dendrimers. Another important
eature of dendrimers is their monodispersity. The classical poly-

erization process is usually random and produces molecules of
ifferent sizes, but the size and molecular mass of dendrimers
an be specifically controlled during synthesis. Finally, dendrimers
ossess many functional end groups responsible for their high sol-
bility and reactivity [7–13]. Based on their unique features, the
erm ‘dendrimer space concept’ is an approach to a new paradigm

or medicinal chemists to identify novel dendrimer-based drugs
13]. We  attempt here systemize the mechanisms of interactions
etween dendrimers and proteins as the basis for applications of
endrimer use in modern nanomedicine.
 . . .  . . .  . . .  . .  .  . . . .  . . .  . .  . . .  . . . . .  . . . . .  .  . .  .  . . . .  .  . .  . . .  .  .  .  . .  . . . . .  . . . . .  .  .  .  .  . .  .  .  .  .  .  . 421

2. Nature of dendrimer-protein interactions

To understand the basics of dendrimer-protein interactions,
Higashi et al. [20] synthesized a peptide-shelled dendrimer
containing a poly(l-glutamic acid) segment grafted on the 3rd-
generation PAMAM dendrimer and analyzed its interaction with
hydrophobic �-amino acids (Trp, Phe, and Tyr). This dendrimer
bound to �-amino acids with positive cooperativity on the basis
of a Hill plot; as a result, d-isomers preferentially bound to the
�-helical segments relative to l-isomers [20]. Using electron para-
magnetic resonance, Ottaviani et al. [21] studied the interaction
between cationic PAMAM-NH2 dendrimers of 2nd (g2) and 6th
(g6) generations, amino acids (Gly, Glu, Arg, Leu) and proteins (�-
chymotrypsin, albumin). The interaction between dendrimers and
amino acids was described by as a series: Glu < Gly  < Leu ≈ Arg [21].
For the zwitterionic Leu, this interaction was determined by a syn-
ergistic effect of electrostatic forces between amino groups of a
dendrimer and the carboxylate group of Leu, and by hydrophobic
interactions of the Leu side-chain with the dendrimer sites at low
polarity (–CH2–CH2– groups) [21]. The formation of stable ion pairs
between Glu and the dendrimer’s internal basic tertiary nitrogens
was proposed [21]. The significant pH dependence of the inter-
actions between dendrimers and amino acids indicated a role of
electrostatic forces [21]. The interaction between dendrimers and
�-chymotrypsin was  based on both electrostatic forces due to its
high isoelectric point (8.3) and hydrophobic interactions because of
the presence of a hydrophobic pocket (a hydrophobic amino acids
– e.g.  Leu) at the substrate linking site [21]. In contrast, the interac-
tion between dendrimers and serum albumin examined by electron
paramagnetic resonance was significantly weaker than that of chy-
motrypsin. For albumin, these authors proposed the preferential
role of the weak dipole–dipole or ion-dipole interactions between
the albumin hydrophilic residues and the dendrimer surface [21].

3. Forces and interactions: unmodified cationic, neutral
and anionic dendrimers

Electrostatic forces are predominant in interactions of cationic
and anionic dendrimers with proteins (Tables 1 and 2, Fig. 1).

The role of different types of dendrimer-protein interactions can
be ranged as follows: (i) electrostatic forces between charged den-
drimer terminal groups and protein residues, (ii) hydrogen bonding
between dendrimer internal groups (e.g., amide moiety where the
carbonyl O acts as donor and the amide H as acceptor), and pro-
tein amino acid residues, (iii) hydrophobic interactions between
the nonpolar dendrimer and HSA groups, and (iv) specific interac-
tions between dendrimer carboxylic groups and protein aliphatic
acid binding sites [22]. In contrast, hydrophobic interactions and
the Hofmeister effect are more important for interaction between
albumins and neutral PAMAM-OH g4 dendrimer, whereas the elec-

trostatic ones are preferential in interactions between albumins
and charged dendrimers [23] (Tables 1 and 2). In summary, a charge
on dendrimers significantly increases their interaction with pro-
teins compared with neutral ones.
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Table  1
Dendrimer-protein interactions (part 1).

Protein Dendrimer Result and mechanisms of an interaction Ref.

Lectin concanavalin A Mannosylated dendrimers or
lactose-containing dendrimers

Maximum inhibitory potency of dendrimers showed the
plateau to occur at a constant valency of mannoside
residues or was generation-dependent (for lactose-based
dendrimers) indicating the importance of stoichiometry
in  this process.

[24,25,67]

Bovine and human serum
albumins

Cationic, neutral and anionic
PAMAM dendrimers;
Carbosilane dendrimers

The main mechanisms: (i) electrostatic forces between
charged dendrimer terminal groups and protein residues,
(ii) hydrogen bonding between dendrimer internal groups
(e.g.,  amide moiety where the carbonyl O act as donor and
the amide H as acceptor), and protein amino acid residues,
(iii) hydrophobic interactions between the nonpolar
dendrimer and HSA groups, and (iv) specific interactions
between dendrimer carboxylic groups and protein
aliphatic acid binding sites. The secondary structure is not
changed by cationic but changed by anionic dendrimers.
The significant changes in conformation and
intramolecular mobility were observed. Serum albumins
had 5–6 non-specific anionic regions (consisting of local
groups of negatively charged amino acids) can be used for
binding of positively charged dendrimers.

[40,41,21,26,73,23,
38,42,32,74,27,22,75,82]

Alpha-chymotrypsin Cationic PAMAM dendrimers The interaction is based both on electrostatic forces due
to  its high isoelectric point (8.3), and on hydrophobic
interactions because of the presence of a hydrophobic
pocket (hydrophobic amino acids such as Leu) at the
substrate linking site.

[21,43]

Acetylcholinesterase Cationic, neutral and anionic
PAMAM g4 dendrimers

Electrostatic as well as hydrophobic interactions. The
changes in a protein conformation were observed.

[76]

Ribonuclease T1, rabbit muscle
aldolase, horse liver alcohol
dehydrogenase, azurin,
alkaline phosphatase from
E.Coli, human
gamma-globulins

Cationic, neutral and anionic
PAMAM g5 dendrimers

Electrostatic forces play a preeminent role in such an
interaction, a contribution that becomes strongly
attenuated at high ionic strength. The significant changes
in  a protein intramolecular mobility were observed.

[38]

Table 2
Dendrimer-protein interactions (part 2).

Protein Dendrimer Result and mechanisms of an interaction Ref.

Insulin,
ribosomal �/� protein S6,
cutinase, all-� protein Tnfn3,
hen egg white lysozyme

PPI dendrimers (unmodified,
modified by guanidinium
group or a urea group),
cationic PAMAM dendrimers

Dendrimer-insulin interactions were determined by
electrostatic forces. The impact on the secondary
structure and thermal stability of insulin was found. The
dependence on a protein nature was found.

[28]

Collagen Cationic PAMAM dendrimers Collagen cross-linked by dendrimers exhibited a higher
denature temperature and higher resistance against
collagenase digestion compared with non-modified one.

[77]

Cytochrome c Anionic carboxilated PAMAM
dendrimers

Charged dendrimers bound to a protein’s interfacial area
without affecting the protein’s secondary structure

[43]

Actin Cationic poly(lysine)
dendrimers

3 types of interactions: (a) at low concentration
(0.01–1 �g/ml) dendrimers behaved like G-actin-binding
protein; (b) at higher concentrations (10 �g/ml) they
accelerated the time course in the exponential phase; (c)
in  the range 10–100 �g/ml they accelerated the
polymerization by shortening both the lag phase and
exponential phase.

[33]

Alpha-chymotrypsinogen A Cationic PAMAM dendrimers Two  main effect were elucidated: enhancement of
conformational stability and reduction of
protein–protein association due to crowding of
dendrimers around the protein surface

[45]

Horse liver alcohol
dehydrogenase,
lysozyme

Unmodified and maltose
modified PPI g4 dendrimers

Electrostatic forces played the main role in these
interactions; however, additional interactions have been
proved such as either H-bonding or van der Waals forces,
or  even hydrophobic interactions. Maltose modified
dendrimers did not impact the secondary structure of a
protein in contrast to unmodified cationic PPI dendrimers.

[78,79]

4

t
m

Aspartate transaminase,
alkaline phosphatase and
L-lactic dehydrogenase

Cationic PAMAM and
phosphorus-based dendrimers

. Forces and interactions: modified dendrimers
The modification of dendrimers by sugars significantly changed
heir interaction with proteins [24,25] (Tables 1 and 2). The maxi-

um  inhibitory potency of mannosylated dendrimers showed the
Electrostatic forces played the main role in these
interactions. The impact was strongly depended on a
protein nature.

[36,37]

plateau to occur at a constant valency of mannoside residues or

was generation-dependent (for lactose-based dendrimers) indi-
cating the importance of stoichiometry in this process [24,25].
Sugar-persubstituted PAMAM dendrimers of 3rd and 5th gener-
ations did not change the secondary structure of albumin [26].
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ig. 1. The mechanisms of interaction between dendrimers and proteins (the highe

n contrast, cationic PAMAM g3 and g4 dendrimers modified by
olyethylene glycol (PEG) significantly interacted with on serum
lbumin secondary structure and conformation [27]. PPI den-
rimers (unmodified, modified by guanidinium group or a urea
roup) altered insulin in a different manner. Most of them changed
oth secondary structure and the thermal stability of insulin [28].
n Summary, the nature of surface groups of modified dendrimers
s extremely important in the dendrimer-protein interactions.

. Timescale of dendrimer-protein interactions

Camarada et al. [29] investigated the timescale of dendrimer-
rotein interactions using L-chain ferritin and the cationic PAMAM
4 dendrimer as an example. Electrostatic forces were predominant
uring the first contact of a dendrimer with a protein, occurring
ithin 4.5 ns. Other types of interactions (hydrophobic, van der
aals, H-bonding, etc.) occur at the second step in >100 ns [29]

Fig. 2). Similar results were observed in molecular modeling stud-
es on the interaction of dendrimers with drugs, nucleic acids,
roteins and lipid membranes, reviewed in detail by Martinho et al.
30].

. pH and ionic strength effects on interactions

Following interactions between cationic, neutral and anionic
AMAM g4 dendrimers and serum albumins at different pHs
nd ionic strength of the solution showed interactions were pH-
ependent [23]. For cationic dendrimers, there was  a bell-shaped
haracter of their interaction with serum albumins (maximum at

H 7.4) [23]. This effect can be explained by pH-dependent ioniza-
ion both of the dendrimer and protein groups [23]. Addition of salts
ed to significant decrease of dendrimer-protein interactions for all
he dendrimers studied, caused by (a) tightening of protein con-
 of an interaction – the greater strength of interaction). * – for charged dendrimers.

formation; (b) increase in the screening by a counterion-polyion
coupling mechanism; (c) the Hofmeister effect [23,38].

7. Dendrimer-protein interactions: albumin loaded with
fatty acids

In serum, albumins exist as proteins loaded with fatty acids (up
30% v/v) [31]. Shcharbin et al. [31] analyzed the interaction between
cationic PAMAM g2 and g6 dendrimers and bovine serum albumin
(free or loaded with fatty acids). Fatty acids decreased their interac-
tion in a manner dependent on the number of fatty acid molecules
bound [32]. PAMAM dendrimers also competed with BSA for fatty
acids. If 2 or 3 fatty acids are loaded per protein, this can lead to the
extraction of fatty acids from the BSA on to the PAMAM dendrimer
[32]. Cofactors of other proteins have a similar effect.

8. Dendrimer concentration in interactions with protein

Ruenraroengsak and Florence [33] explored the effects of the
presence of cationic poly(lysine) dendrimers at different con-
centrations. Three phases for actin polymerization proved to be
concentration-dependent: (a) at low concentration (0.01–1 �g/ml)
dendrimers behaved like G-actin-binding protein – bound with
the actin monomer, causing a reduction in the concentration of
the latter in the system, thereby lengthening both the lag and the
exponential phases; (b) at higher concentration (10 �g/ml) they
accelerated the time-course in the exponential phase by inducing
actin fragmentation (e.g. “severing” protein); (c) and in the range
10–100 �g/ml they accelerated the polymerization by shortening
both the lag and exponential phases (e.g. “nucleating” proteins)

[33]. Nowacka et al. [34] found the stabilizing effect of small
concentrations (up to 1.4 �g/ml) of cationic PAMAM g3 and g4 den-
drimers on aggregation of insulin: cationic dendrimers decreased
insulin aggregation [34]. In contrast, PPI dendrimers at high con-
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Fig. 2. The timescale of the interaction between dendrimers and proteins [29].

Fig. 3. The different models of the dendrimer-protein interactions. Model 1 is based
on  electrostatic forces. Model 2 is based on ‘hot spots’ of a protein globule that
bound dendrimers. In this model, protein inhibition can be determined by (a) simple
hot  spot binding, where the negatively charged dendrimer binds to the positively
charged hotspot region (the dendrimer may  change shape to maximize binding). (b)
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entrations (up to 450 �g/ml) significantly destroyed the thermal
tability of insulin [28].

. Protein structure flexibility: the impact of dendrimers
n a protein secondary structure, conformation and

ntramolecular mobility

Numerous reports (Tables 1 and 2) indicate that dendrimers
an impact on a protein secondary structure, conformation and
ntramolecular mobility. On the one hand, dendrimers can bind to

any regions of the protein surface, tightening the protein struc-
ure and restricting the molecular motion of the macromolecule; on
he other hand, they can unfold a globular protein (Tables 1 and 2).
he effect of a dendrimer depends on its nature and charge (see
bove). The most important issue is the flexibility of the protein
tructure [35–37], which is crucial in determining a functional
esponse of a protein, starting from absence of any effect finishing
endrimer-driven changes in a protein secondary structure, confor-
ation and function [36]. For example, cationic PAMAM g3 and g4

endrimers did no affect alkaline phosphatase from E. coli that has
 rigid structure, but affected lactate dehydrogenase and aspartate
ransaminase [36–38].

0. Dendrimers and protein functional activity

Protein functional activity in the presence of dendrimers sig-
ificantly depends both on the flexibility of protein structure (see
Table 3) p. 8), and on the nature and type of dendrimer. For
xample, PAMAM-OH g4 and g5 dendrimers decreased Na+/K+

TPase and Ca2+ ATPase the activity, whereas the PAMAM-OH
5 dendrimer activated Mg2+ ATPase [39]. The cationic PAMAM
4, phosphorous g4 and carbosilane g3 dendrimers also had
ompletely different effects on the activity of human serum
nzymes (alkaline phosphatase, lactate dehydrogenase, aspar-
ate transaminase, γ-glutamyl transferase, cholinesterase, alanine
minotransferase, amylase, creatine kinase and 2-hydroxybutyrate
ehydrogenase) starting with a decrease of enzyme activity and
nishing activation depending on the enzyme and the interacting
endrimer (chemical structure, surface charge and flexibility) [35].

1. Modeling of dendrimer-protein interactions

The first model was proposed by Klajnert and Bryszewska and
as based on electrostatic forces [40,41] (Fig. 3).

In 2007, Shcharbin et al. [42], on the basis of interaction between
ationic PAMAM dendrimer and serum albumins, proposed a new
odel in which the existence of non-specific binding sites for a

endrimer binding was proven (5–6 ‘binding sites’ for albumin).
hese ‘sites’ are based on local concentrations of charged amino
cid residues at the protein surface [42]. In 2010, Chiba et al. [43]
roposed a ‘hot spot’ model of dendrimer-protein interactions also
ased on ‘hot spots’ of a protein globule that bound dendrimers.
n this model (Fig. 3), protein inhibition can be determined by (a)
imple hot spot binding, where the negatively charged dendrimer
inds to the positively charged hotspot region (the dendrimer may
hange shape to maximize binding);. (b) As with (a), but to max-
mize binding the protein changes shape (denaturation). (c) The
endrimer binds to a remote site, resulting in denaturation and
eactivation [43]. In 2015, Shcharbin et al. [36] (Fig. 4) proposed

 model of ‘Dendrimers and Flexible Proteins’ in which at least 3
ifferent types of interaction occur dependent on the nature of a

rotein. First, the ‘dendrimer corona’ has no effect on proteins with
igid structures with their active sites buried deep inside. Regarding
econdary structure of enzymes, their conformation is not perturb,
ll interactions occur at the surface of a globular protein, and there
As  with (a), but to maximize binding the protein changes shape (denaturation). (c)
The dendrimer binds to a remote site, resulting in denaturation and deactivation.

was no effect on enzyme activity. Second, the ‘dendrimer corona’
affects the structure of flexible proteins without changing their
enzyme activity, i.e.  provided the active site is deeply buried. Third,
the ‘dendrimer corona’ changes both structure and enzyme activity
of flexible proteins having surface-based active centers [35,36].

In 2008, Licata and Tkachenko [44] proposed a special model

for the interactions between folic acid-conjugated dendrimers and
receptor proteins in which a dendrimer with a number of keys (e.g.,
folic acids) interacts with locks (e.g., folate-binding proteins) at the
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Table  3
The impact of dendrimers on a protein functional activity.

Protein Dendrimer Protein functional activity Ref.

Acetylcholinesterase Cationic, neutral and anionic
PAMAM g4 dendrimers

Decrease of enzyme activity by dendrimers. A negative
charge of acetylcholinesterase active catalytic centre is the
reason why its activity may be inhibited by cationic
ligands.

[76]

Human erythrocyte ATPases Hydroxylated PAMAM-OH g3,
g4, g5 dendrimers

The decrease (20–30%) of the activity of Na+/K+ ATPase
and  Ca2+ ATPase was observed. In contrast, PAMAM-OH g5
dendrimer was  able to activate Mg2+ ATPase.

[39]

Porcine pepsin Cationic, neutral and anionic
PAMAM g4 dendrimers

The data showed that cationic and neutral PAMAM g4
dendrimers were able to inhibit enzyme activity of
pepsin; both of them were able to interact with both, an
enzyme and an enzyme-substrate complex.

[80]

9 human serum enzymes Cationic PAMAM g4,
phosphorous g4 and
carbosilane g3 dendrimers

Human serum enzymes: alkaline phosphatase, human
lactate dehydrogenase, human aspartate transaminase,
human gamma glutamyl transferase, cholinesterase, alanine
aminotransferase, amylase, creatine kinase,
2-hydroxybutyrate dehydrogenase. The impact of cationic
dendrimers on enzymes’ activity depended strongly on a
protein nature: inhibition, activation or no effect were
observed.

[35,36]

L-chain ferritin Cationic PAMAM g4 dendrimer PAMAM g4 significantly (in 7 times) decreased the iron
storage by L-ferritin.

[29]

Gamma-globulin Cationic, neutral and anionic
PAMAM dendrimers

Dendrimers inhibited the complement activation activity
of gamma-globulin.

[81]

Fig. 4. The model ‘dendrimers and flexible proteins’. First, the ‘dendrimer corona’ has no effect on proteins with rigid structures with their active sites buried deep inside.
R teract
a thout 

t ins ha

c
i
fi
o
o
m

egarding secondary structure of enzymes, their conformation is not perturb, all in
ctivity. Second, the ‘dendrimer corona’ affects the structure of flexible proteins wi
he  ‘dendrimer corona’ changes both structure and enzyme activity of flexible prote

ell membrane surface. When locks are diffusing, the dendrimer
s reaching maximal cooperativity; after the dendrimer makes the

rst connection, it simply waits for locks to diffuse in the vicinity
f available keys to make additional connections. In the absence
f diffusion, the optimal configuration can only be obtained by
ultiple binding and unbinding events, the time-scale for which
ions occur at the surface of a globular protein, and there was  no effect on enzyme
changing their enzyme activity, i.e.  provided the active site is deeply buried. Third,
ving surface-based active centers.

is prohibitively long [44]. Seemly under in experimental condi-
tions, dendrimers are connected to the surface by a single bridge,

but cannot form an additional connection. This is the kinetic origin
of limited cooperativity in folated dendrimers, especially for can-
cer cells overexpressing a multitude of folate receptors [44]. The
authors concluded that, if single-stranded DNA on the dendrimer
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s hybridized to the ssDNA attached to the folic acid key, it can
ignificantly increase the multiplicity of binding [44].

1.1. Molecular modeling studies

The burst in computer science has led to enhanced molec-
lar modeling studies on interactions between dendrimers and
roteins. Giri et al. [22] made the molecular simulation of the inter-
ction between cationic PAMAM G4 dendrimer and human serum
lbumin and found the importance of HSA interactions with den-
rimer inner shell protons. It indicates the possibility of backfolding
f dendrimer branches and interaction of internal hydrophobic
roups of PAMAM G4 with HSA [22]. Shukla et al. [45] analyzed
he interaction between alpha-chymotrypsinogen A and PAMAM
endrimers and found two important effects: (1) enhancement of
onformational stability and (2) reduction of protein–protein asso-
iation due to crowding of dendrimers around the protein surface.
n molecular simulation study of Barata et al. [46] the partially
lycosylated dendrimers blocked MD-2 (lymphocyte antigen 96)
rotein and prevented TLR4-MD-2-lipopolysaccharide complex
ediated cytokine responses (TRL4 – Toll-like receptor 4). They

emonstrated that dendrimer glucosamine forms co-operative
lectrostatic interactions with residues lining the entrance to
D-2’s hydrophobic pocket. Crucially, dendrimer glucosamine

nterferes with the electrostatic binding of: (i) the 49th phosphate
n the di-glucosamine of lipopolysaccharide to Ser118 on MD-
; (ii) lipopolysaccharide to Lys91 on MD-2; (iii) the subsequent
inding of TLR4 to Tyr102 on MD-2. This is followed by addi-
ional co-operative interactions between several of the dendrimer
lucosamine’s carboxylic acid branches and MD-2 [46]. González-
arcía et al. [47] performed molecular modeling of the interaction
etween sulfonated carbosilane dendrimers and 3 proteins (bovine
erum albumin, myoglobin and lyzozyme). They found that despite
ts negative net charge, BSA seemed to interact with the dendrimer
y electrostatic forces due to local positive sites. In the case of

ysozyme, the ability of dendrimer to bind lysozyme was clearly
emonstrated using computer modeling. Myoglobin resulted in a
uge increase in fluorescence intensity attributed to interactions
ith dendrimer near the heme group that affected the energy trans-

er established between Trp residues and the heme group [47].
nteractions between proteins and sulphonate-terminated carbosi-
ane dendrimers, especially at acidic pH, could be the base for
roposing a new approach in protein sample preparation based on
he application of dendrimers for the selective retention of proteins
n a matrix [47].

2. Dendrimer-protein interactions and diseases

The potential applications of dendrimers to practical
edicine have been extensively reviewed [7–19]. Inhibition

f protein–protein interactions by using dendrimers as drugs
as analyzed [48]. Our tutorial review regarding the different

pproaches using nanoparticles (including dendrimers) to treat
eurological diseases – Alzheimer’s disease, Huntington’s disease,
arkinson’s disease, ischemia/reperfusion injury, neuroinflam-
ation including cerebral palsy, neurological injury after cardiac

urgery and particularly after hypothermic circulatory arrest,
nd retinal degeneration is in press (Prog Polym Sci).  Inhibi-
ion of HIV-1 virus is an important problem in treating AIDS.
oménech et al. [49] proposed the disruption of HIV-1 capsid
rotein oligomerization using dendrimers, and found that gallic

cid-triethylene glycol dendrimers of 1st generation bound to
he terminal domain of capsid protein to induce the significant
hanges in secondary structure conformation. These changes led
o disruption of the capsid protein native structure and inhibition
: Biointerfaces 152 (2017) 414–422

of HIV-1 replication in general [49]. These authors mapped the
binding site of dendrimers in the terminal domain of capsid protein
and found that selected amino residues in helix 9 (consisting of
charged amino acids Asp, Lys, Arg, Glu, and hydrophobic – Phe,
Thr) are responsible for binding dendrimers to capsid protein [49].
Milowska et al. [50–52] studied interactions between different
kinds of dendrimers (cationic PAMAM, phosphorous, carbosilane
and viologen-phosphorus) and �-synuclein, which is the protein
of most importance in many neurodegenerative diseases, e.g.,
Alzheimer disease and multiple sclerosis; misfolded alfa-synuclein
and accumulation of its aggregates are two of the basic components
of Lewy bodies observed in degenerated neurons. They found that
binding of cationic dendrimers to �-synuclein stabilized its sec-
ondary structure and conformation, and prevented misfolding and
fibril formation [50–52]. Luganini et at. [53] synthesized a series of
peptide-derivatized dendrimers consisting of a peptidyl branching
core and covalently attached surface functional peptides, and
applied them to Herpes Simplex Virus type 1 and type 2 infections.
Inhibition of HSV adsorption was  explained by the ability of the
peptide-derivatized dendrimers to bind to the glycosaminoglycan
moiety of cell surface heparan sulfate proteoglycans, thereby
blocking virion attachment to target cells [53]. Dendrimers are
promising candidates against prion diseases [54]. Cationic den-
drimers accumulate together with PrPSc molecules in lysosomes
and facilitate dendrimer-mediated PrPSc disaggregation. PAMAM,
PPI, and phosphorus dendrimers potentially could remove PrSc
from cells [54–56]. Dendrimers can also be considered as potential
agents for the treatment of Alzheimer’s disease. Klajnert et al.
[57,58] found that a 3rd generation of cationic PAMAM dendrimer
disaggregated the Alzheimer’s peptide, A� 1-28. Later, different
generations of PAMAM, PPI and phosphorus dendrimers were
successfully used to disaggregate amyloid fibrils [59–61]. Palivan
et al. [61,62] reviewed in detail protein-polymer systems as reac-
tion spaces at the nano-scale, in which the enzymic reactions take
place inside a polymer supramolecular assembly at its interface
with the environment or in a combination of both. Dubey et al.
[63] synthesized a range of peptide dendrimers to use them
as “artificial chaperones”; they found that peptide dendrimers
recovered >90% of their biological activity with regard to unfolded
lipases and amylases. The refolding yields decreased to 14% in the
complexity and hydrophobicity of the dendron/dendrimer. These
results indicate the possibility of regulating protein functionality
by dendrimers. Dendrimers can be used as a new kind of immunos-
timulating components (adjuvants) that significantly increase the
efficiency of vaccines [12,64]. PAMAM dendrimers have been used
as adjuvants for influenza antigen and similar materials; their
mid-generations forms are preferred and yield high antibody titer
levels with reduced antigen dosage [12,64]. The latest applica-
tions of dendrimers are: (1) a strategy to construct high-ordered
protein nanowires by electrostatic assembly of cricoid proteins
and dendrimers. In this process, PAMAM dendrimers induce
electrostatic assembly of electronegative cricoid proteins. The
nanostructures that have been designed could act as versatile
scaffolds to develop multienzyme-cooperative anti-oxidative
systems [65]; (2) a strategy to construct photocontrolled protein
nanowires with reversible morphology through photoisomerizable
azobenzene-cored dendrimer-evoked protein self-assembly [66];
(3) construction of an GSH sensitive nanocarrier with Angiopep-2
as a dual-targeting group and doxorubicin as the therapeutic drug,
made by covalently conjugating them on the periphery of G4
PAMAM, enhancing BBB transportation and drug accumulation
in glioma cells [67]; (5) a modified phytoglycogen nanoparticle,

Nano-11, having a positive surface charge enabling electrostatic
adsorption of negatively charged protein antigens, proposed to
activate dendritic cells in vitro and in vivo (as a nano-adjuvant) [68];
(6) an electrostatic self-assembly of binary soft particle co-crystals,
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onsisting of apoferritin protein cages and PAMAM dendrimers.
he structure and stability of soft particle co-crystals are of major
elevance for applications where a high degree of structural
ontrol is required; for example, protein-based mesoporous
aterials, nanoscale multicompartments, and metamaterials [69];

7) a PAMAM-OH G3 dendrimer developed to remove human
slet amyloid polypeptide forms in the islets of Langerhans, a
henomenon associated with type-2 diabetes affecting millions
f people worldwide [70]; (8) tryptophan-based dendrimers that
ave been synthesized and tested against HIV replication. HIV

nhibition can be achieved by the preferred interaction of the com-
ounds with glycoproteins gp120 and gp41 on the HIV envelope
71,72]. Bacterial lectins are nonenzymatic sugar-binding proteins
nvolved in the formation of biofilms and the onset of virulence.
ouvier [83] proposed long-time-scale coarse-grained simulations
f dendrimers and lectins with a reasoned exploration of the
endrimer sequence space in an attempt to suggest sequences
hat could maximize multivalent binding to the galactose-specific
acterial lectin LecA. Leire et al. [84] found that cationic gallic
cid-triethylene glycol dendrimers can induce the formation of
lusters in Vibrio harveyi, an opportunistic marine pathogen. The
ntibacterial activity of dendrimers is due to their ability to bind
nd disrupt anionic bacterial membranes, resulting in lysis of
acteria such as Staphylococcus aureus, Pseudomonas aeruginosa,
nd Escherichia coli [85–87].

3. Conclusions and remarks

Nanotechnology and nanoscience are disciplines that combine
nd cross-link classic fields e.g.  chemistry, biology, physics, and pro-
ramming (molecular modeling) as novel approaches to produce
anomedicine. In this regard, it is very important to understand
he basic principles of interaction between nanosystems and the

ain molecular and biochemical systems of the body, e.g.  proteins,
ucleic acids, membranes, cells, organs and tissues. Starting from
hem, we can narrow our topic to nucleic acids and proteins, the
roducts of our genotype. This is a straightforward way  to personal-

zed nanomedicine based on genotypic and phenotypic expression
f the individual. Now we can summarize that electrostatic force
lays the predominant role in ‘charged dendrimer − protein’ inter-
ctions and these interactions depend on the characteristics of both
articipants: flexibility and surface charge of a dendrimer, rigidity
f protein structure and the localization of charged amino acids
t its surface. Binding of dendrimers to a protein can change its
econdary structure, conformation, intramolecular mobility and
unctional activity. However, this strongly depends on rigidity
ersus flexibility of a protein’s structure. Based on these funda-
ental principles in the near future, there are important directions

or innovative nanomedicine: (1) drug delivery: using nanomate-
ials to improve the bioavailability and pharmacokinetics of drugs.
anotechnology can cross biological barriers to deliver therapeu-

ic agents directly to specific cells and tissues (e.g. in the brain
y crossing blood-brain barrier); (2) nano-based therapy: screen-

ng and improving therapeutic effects in biological systems (drug
iodistribution, action and excretion) by means of ‘signalling’ nano-
aterials; (3) implants and surgery: to offer novel biocompatible

oatings for the implants that improve their durability and lifes-
an, and to repair damaged tissues and organs; (4) imaging of all
rocesses in a body using labeled dendritic nanoconjugates, quan-
um dots, gold nanoparticles, etc.  Related to dendrimer-protein
nteractions, we expect to produce: (i) high-ordered and pho-

ocontrolled protein nanowires as versatile scaffolds to develop

ultienzyme-cooperative systems; (ii) new nanocarriers based on
roteins and dendrimers to cross the blood-brain barrier and to
eliver drug to any tissue; (iii) new nano-adjuvants to activate the

[

[
[
[

: Biointerfaces 152 (2017) 414–422 421

immune system; (iv) new kinds of nanocarriers based on soft par-
ticle co-crystals, protein-based mesoporous materials, nanoscale
multicompartments and metamaterials. There will be a continua-
tion of research on the topics of research mentioned above. The
realization of these tasks can significantly improve the ‘quality
of life’ in medical care, propose new directions for treatments of
some currently untreatable diseases and resistant pathogens, and
offer more cost-effective healthcare in developing countries. On the
other hand, these objectives must be achieved without compromis-
ing safety margins, which remains a major challenge in modern
nanotoxicology. In the more distant future we expect at least 3
independent ways for development of innovative nanomedicine:
(i) the development of new drugs of common action that have
combined effects (e.g. diagnosis and treatment), (ii) the creation
of personalized drugs that are based on a patient genotype and are
targeted to his/her personal DNA or mRNA (e.g., small nucleic acids
– plasmids, siRNA, microRNA), and (iii) 3D-bioprinting of a patient
artificial organs.
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