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ABSTRACT

Bacterial meningitis is a serious infection of the
central nervous system that affects people all over the
world. Streptococcus pneumoniae and Neisseria menin-
gitidis are the most common pathogens causing menin-
geal inflammation in Europe. Treatment with standard
antibiotics is becoming ineffective, not only due to their
inability to cross the blood-brain barrier, but also due
to rising antibiotic resistance. As a result, novel thera-
peutics to combat the infection are required. A promis-
ing solution could be therapeutic nanomolecules, such
as dendrimers, some of which have antimicrobial prop-
erties due to their chemical structure. Additionally,
they may be decorated with a suitable therapeutic and
central nervous system homing peptides to construct
nano-drug delivery systems, which can effectively cross
the blood-brain barrier. To synthesize safe dendrimeric
nano-drug delivery system it is necessary to select the
best dendrimer candidates with antimicrobial activity
and to understand pharmacosafety, pharmacokinetics
and dynamics. This review provides a brief overview of
dendrimers and their antimicrobial properties as they
have been studied in relation to the blood-brain barrier

and existing antibiotics.
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INTRODUCTION

Bacterial meningitis

Among the central nervous system (CNS) infections
caused by various pathogens (bacteria, viruses, fungi),
bacterial meningitis is the most common life-threating in-
fection often ending in death [20, 39]. Approximately half
of survivors have cognitive impairments that put them at
risk of permanent disability [4, 61]. Meningitis has been
recognized for over a century as an inflammation of the
membranes that cover the brain and spinal cord — the me-
ninges, particularly the pia mater and arachnoid mater [16,
23]. The pathogens responsible for approximately 80 %
of bacterial meningitis are Gram negative meningococcus
Neisseria meningitidis and Gram positive pneumococcus
Streptococcus pneumoniae [22]. Other bacteria that can
colonize different mucosal surfaces, penetrate protective
barriers, and cause infection include Haemophilus influ-
enzae type b, Escherichia coli K1, Mycobacterium tuber-
culosis, Listeria monocytogenes, Staphylococcus aureus,

Salmonella, Klebsiella spp. [11,58] or some species of spi-



rochete Borrelia burgdorferi sensu lato complex [34, 64].
Streptococcus suis is a bacterium that originally infects
pigs and pork and cause a major problem in swine indus-
try worldwide. Moreover, it is also a zoonotic pathogen
responsible for several infections in humans, including
meningitis [15, 69].

The ability to survive in blood and successfully evade
host immunity through a variety of mechanisms (e.g. en-
capsulation, complement resistance) is critical for spread-
ing from the primary site of infection into the brain via the
blood-brain barrier (BBB). Three major meningeal patho-
gens (S. pneumoniae, N. meningitidis, H. influenzae) share
molecular mimicry called “innate invasion”, which acts
against innate immune system [11, 41]. Exact mechanism
how they are able cross the BBB is still not fully explored.
Extracellular bacteria may induce signalling events after
adhesion to endothelial cells, which may lead to trans-
cytosis or disruption of tight junctions between the cells.
E. coli, Streptococcus or S. pneumoniae produce toxins,
which also damage cells. Then, bacteria can cross the BBB
via paracellular way as well. Moreover, N. meningitidis
or S. pneumoniae may reach the brain through olfactory
nerve [40]. Other pathogens, for example, intracellular
M. tuberculosis and L. monocytogenes use macrophages
to pass through various membranes. This phenomenon is

known as “Trojan horse” [35].

Blood-brain barrier and antibiotics

Blood-brain barrier is anatomically formed by brain
capillary endothelial cells, pericytes, astrocytes end foot
and nerve cells (microglia), shown in the Fig. 1 [18, 71].
Between brain endothelial cells, on their apical side, are
tight junctions (claudins, occludins, junctional adhesion
molecules) and adherens junction proteins, which are re-
sponsible for creating literally tight connections between
the cells [49, 54]. Thanks to these connections, BBB is
a highly selective membrane and crossing of ions, oxy-
gen, glucose [8, 49] and other molecules (such as thera-
peutics) from the blood vessels into brain parenchyma is
limited [17].

Despite the fact that, as previously stated, bacteria can
cross this barrier in a variety of ways. Due to low num-
ber of immune cells and complement proteins in the brain,
they can multiply rapidly in cerebrospinal fluid, particu-
larly in the subarachnoid area. Immediately after bacteria

cross the barrier, they may cause extensive damage. Af-
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Fig. 1. Basic illustration of blood-brain barrier anatomy.
Original sketch, modified accordingto Omidi etal. [49]

ter disruption of BBB, its permeability is higher [11, 12,
41], thus neutrophils and macrophages are able to passage
through. Subsequent activation of brain cells (microglia,
astrocytes) and strong immune response of local cells and
leukocytes from the blood, presence of pro-inflammatory
cytokines, chemokines, proteolytic enzymes, oxidants and
bacterial toxins as well, lead to damage of epithelial cells
of brain barriers, neurones and inflammation of meninges
surrounding the subarachnoid space [23, 61].

The use of antibiotics may decrease inflammation and
restore balance of the BBB. However, using of -lactam
antibiotics may lead to cytokines and bacterial toxins
release, which may dramatically increase inflammation
response [12]. As a result, antibiotic treatment must be
combined with other drugs that protect brain tissue by in-
hibiting several steps in the inflammatory cascade, such
as dexamethasone [11]. The right choice of antimicrobi-
al therapy depends on several factors that include mech-
anisms of antibiotic action, antimicrobial susceptibility,
microbial growth rate, density and possible resistance
to therapeutics. Patient age, status and type of infection
are important as well. One of the most essential proper-
ties is the ability to cross the BBB into the subarachnoid
space and act against bacteria. It is also affected by several
physico-chemical factors, such as pH, structure of antibio-
tic, their protein binding ability or lipophilicity [12, 22].
Among the most used antibiotics to threaten meningo-
coccal disease were sulfonamides, penicillin or chloram-
phenicol in the past [5]. D avis [9] published the list of
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commonly used antibiotics for acute bacterial meningitis
that included, for example, ciprofloxacin, cefepime, cefo-
taxime, gentamicin, meropenem, rifampin, vancomycin,
also daptomycin and telavancin, but in high and long term
dosages [9, 12]. Also, in the last few years, several new
antibiotics have a potential to treat CNS infection, such
as ceftriaxone, ceftobiprole, linezolid, moxifloxacin, tro-
vafloxacin or tigecycline [46]. Additionally, thanks to syn-
ergistic effects of some of them, their appropriate combi-
nations may be or are even desirable to be used [12].
Antimicrobial resistance is a natural phenomenon
considering that several antibiotics are derived or natural-
ly produced. Let us look at a few well-known examples:
Actinomycetes produce secondary metabolites such as
vancomycin, tetracycline, streptomycin and erythromycin
[52], and, of course, mould Penicilium notatum produce
penicillin [10]. History and mechanisms of antibiotic re-
sistance are precisely described elsewhere [28, 31, 57, 70],
discussion of those details would be beyond the scope of
this mini-review. Antimicrobial resistance has also become
a worldwide problem due to the overuse of antibiotics in
therapy as well as feed supplements in husbandry or gain
body weight [45]. S. pneumoniae has been resistant to pen-
icillin for more than 60 years, and as a result, combination
of two antibiotics (usually vancomycin and cephalosporin)
is required instead of penicillin alone [22].Oppenheim
published a brief overview in 1997 about increasing anti-
biotic resistance to drugs commonly used to treat menin-
gococcal disease, which he saw as a future problem, par-
ticularly in the case of N. meningitidis. Therefore, more
than 25 years ago, he suggested as a possible solution vac-
cination against meningococci and reducing of worldwide
excessive using of antibiotics in the future [50]. Another
report occurrence of multiresistant bacteria was empha-
sized in 1950s [36], and currently increasing multiresistant

strains have been reported all over the world [60].

Nanomolecules in biomedicine

In biomedicine different types of nanomolecules can
be used, for example, liposomes, micelles, metal nano-
particles, nanotubes, polymers or dendrimers [37]. Anti-
microbial polymers in combination with other antimicro-
bial molecules, such as antibiotics, could be one of the
most intriguing strategies for developing new nanothera-
peutics [13]. More than 80 new nanoformulations are cur-

rently in preclinical testing and could be used as nano-drug
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delivery systems [27]. Dendrimers are among the nanopar-

ticles that we are interested in.

Dendrimers

According to Tomalia etal. [68] their name con-
sist of two Greek words: dendros (tree) and meros (part)
[7]. Dendrimers are molecules with a regular geometrical
structure [53] in size between 2 to Snm [17]. They have
globular, radially symmetric, hyperbranched arrangement
consisting of core, branching dendrones and various pe-
ripheral surface groups [38, 48], which defines their prop-
erties [37], as shown in the Fig. 2. In fact, polyamidoamine
(PAMAM) dendrimer firstly synthesized by Tomalia
et al. [68] is one of most studied, commercialized dendrim-
er from which many modification are constructed. The
hydrophobic core of PAMAM is made of diamines (e.g.
ethylene diamine), branches are made of ethylene diamine
or methyl acrylate and on the surface are usually amide or
carboxylic groups [67]. Unlike polymers synthesized by
polymerization, dendrimers are synthetized differently, by
two most commonly used methods. In divergent synthe-
sis branches grows around the core layer by layer creating
new “generation”. On the contrary, in convergent synthe-
sis they are made from periphery to the core [7, 48].

Polymer composition results in inner cavities con-
taining one or more therapeutic agents [59]. Fig. 2 shows
3 possible basic interactions between dendrimer and drug:
cleavable (ester, amid) bond (a), covalent bond (b) or as
internal encapsulated part (c) part of structure. Therapeutic
molecules (like antibiotics) could also be part of associat-
ed dendrimers. Covalent bond is very stable, thus the us-
age of dendrimers bounded with therapeutics by cleavable
bond is more appropriate [7].

The physicochemical characteristic of nanomaterials
(e. g. size, shape, surface properties, reactivity or biocom-
patibility) are crucial in stability, toxicity or biodistribution
and drug delivery [37, 56]. Using dendrimers as a possible
drug delivery system have a several advantages: safety, ef-
ficacy, regulated rate and location of drug release [2]. Ac-
cordingto Huan g and W u [26] the so-called “linkers”
between drug and dendrimer may affect the activity and
the drug release. Among these linkers are (1) ester bonds,
which may be cleavable by ester enzymes in the cell, (2)
groups unstable in acidic conditions of tumour or inflamed
tissue (acetal/ketal, cis-aconityl, hydrazone groups) and

(3) disulphide bond, which can be broken by glutathione
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Fig. 2. Scheme of dendrimer structure and possible ways of therapeutics binding by
a) cleavable (ester, amid) bond, b) covalent bond or as ¢) encapsulated therapeutic.
Original sketch, modified accordingto Caminadeand Turrin[7].

in the cell [26]. Controlling dendrimer biodegradation into
small fragments is also one of possible way to releasing
drug at the specific target site. This intelligent delivery sys-
tem may reduce the potential toxicity and side effects of
drug-dendrimer molecule lower while increasing efficacy
[26, 43].

In general, applying small molecules to the surface
of nanoparticles opened up new avenues for potential ap-
plications because they determine their properties. These
molecules can be antibodies, nanobodies, nucleic acids,
aptamers, proteins or peptides, carbohydrates, signalling
molecules etc. [63]. These functional ligands (Fig. 2) at-
tached to branches influence the dendrimer's reactivity to
other receptor sites of cells, enzymes, peptides or path-
ogens, as well as the solubility of conjugated drug [59].
Nanobodies are small, single-domain and stable fragments
of antibody with approximately 15kDa weight [51]. Con-
jugation of specific nanobodies as one of functional group
to the surface of dendrimer will allow active targeting of
bacteria [21]. Similarly, using of aptamers, small oligonu-
cleotides, is suitable option compared with antibody. They
are able to penetrate through membranes, they have high
specificity and stability in temperature and pH. Moreover,
they have unlimited shelf life and may be diversified. Thus
aptamers may be used as therapeutic agents or targeting
component for drug delivery system [55]. Furthermore,
several types of dendrimers are able to generate fluores-
cence under specific conditions (pH, oxidation). In order

to improve this property and allow to study biodistribution

and localization of nanoparticles in in vitro or in vivo sys-
tems by various imaging techniques, they can be associ-
ated with fluorescence dye [33, 42]. Dendrimers are used
in a variety of medical applications, including tissue engi-
neering, gene transfection, cancer treatment, drug delivery
system, and as antiviral, antiparasitic, and antimicrobial
agents [17, 48]. They have been used as therapeutics for
about twenty years [53].

Despite extensive research into the functionality and
safety of dendrimers, there is still the possibility of some
negative effects. Among the negative properties of den-
drimer is the possibility of toxicity not only to pathogens
but also to human/animal cells. Another limitation is the
inability to control drug's incorporation and subsequent re-
lease [59]. Furthermore, structural changes — core, branch-
es, surface — affect toxicity. Dendrimer of the third to fifth
generation appears to be less harmful than the larger ones
[67]. Often studied are polymers PEG (poly(ethylene)gly-
col) and PLGA (poly(lactic)-co-(glycolic) acid). They are
biocompatible, biodegradable, low toxic and highly func-
tionalized to using in drug delivery system to the brain [2].
PAMAM dendrimers conjugated with PEG showed lower
toxicity while retaining antimicrobial activity [13].

They must be biodegradable, bio-pharmacologically
safe, and highly selective in order to be effective as nano-
drug delivery systems or therapeutics in clinical medicine.
They should ensure low to no concentrations of captured
therapeutics in non-targeted tissues while increasing con-

centration at the site of infection through precise drug
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release, which could be accomplished using the methods
described above [35]. They should also reduce treatment
side effects and finally, avoid the development of antibiotic
resistance [47, 63]. The advancement of nanobiotechnolo-
gy should allow for the efficient use of targeted nano-drug

delivery systems.

Antimicrobial effects of dendrimers

The use of dendrimers as antimicrobial agents has two
effects. First, as previously stated, they can deliver a drug
to the target site; second, they are therapeutics of them-
selves [56]. Dendrimer-drug conjugates are widely studied
in many fields like cancer therapy, against inflammation,
as antiviral or antimicrobial treatment [30, 32]. Choosing
appropriate therapeutics to incorporate into dendrimer is
a delicate issue. Aside from the chemical structure of the
antibiotic and the dendrimer, the ability to fight effectively
against G+ and G- bacteria is also important. For exam-
ple, Svenningsen etal [66] synthesized PAMAM
dendrimer-ciprofloxacin conjugate and observed synergic
effect of this molecule against selected G+ or G— bacteria.
It appears to be a beneficial solution, as drugs incorporation
into dendrimers can increase solubility and bioavailability
while decreasing dosage [59]. PAMAM or polypropylene
imine (PPI) dendrimers with various terminal surface li-
gand modifications are the most studied dendrimers with
positive effects against microbial or viral infection or in-
flammation [13, 14, 24]. Their biocidal effect is also deter-
mined by the size and generation of dendrimer branches.
The main antibacterial mechanism is based on the cationic
charge of dendrimer molecules, which can interact with
negatively charged bacterial membranes. As a result, the
membrane permeability increases, pores form, and bacte-
rialyse [17,38]. Gholami etal. synthesized a 7th gen-
eration PAMAM dendrimer and tested its antibacterial ac-
tivity against a variety of G+ and G— bacteria (e. g. E. coli,
S. aureus, K. pneumonie, Acinetobacter baumannii). They
conclude, that this type of dendrimer is effective and tend
to be a potential antimicrobial therapeutic [19]. Chen
et al. [29] also observed positive antibacterial effects of
PPI dendrimers with quaternary ammonium groups. Not
only cationic, but also modified anionic PAMAM den-
drimers can be efficient against G+ bacteria [65].

Bacteria are able to recognize sugar on the surface of
eukaryotic cells. Glycodendrimers decorated with var-

ious oligosaccharides on the surface remind eukaryotic

28

cell, a result is bacteria binding to glycodendrimers in-
stead their adhesion to the host cell [6]. Another type of
effective dendrimeric nanomolecules are redox-active or-
ganometallic dendrimers. Antimicrobial properties of den-
drimer conjugates with metal particles (e. g. silver, zinc or
gold) enhance the stability and their bactericidal effect [2,
44]. They are able to produce free radicals and damage
microbes. This mechanism with combination of positive-
ly charged molecule was successful against G+ bacteria
(e.g. S. aureus) [1, 6]. Moreover, Rizvi etal. pointed
out the possible usage of gold nanoparticles with combina-
tion of proper antibiotics, which could fight against patho-
gens causing bacterial meningitis (caused by in particular
S. pneumoniae and L. monocytogenes) [58]. Interestingly,
Hou etal.[25]and Bahar etal. [3] observed positive
antimicrobial effect of dendrimer against biofilm formed
by E. coli or Pseudomonas aeruginosa respectively. The
use of dendrimers may thus have a positive impact on the
development of new antibiotic-resistant strains [6, 17], and

it should be explored more.

Dendrimers ability to cross blood-brain

Drugs should be able to cross the BBB if pathogens
can. Nonetheless, common therapeutics' passage and sub-
sequent bioaccessibility are severely limited. This is one of
the reasons why traditional antibiotics are almost ineffec-
tive in treatment CNS infections [59]. Thanks to nanostruc-
ture, dendrimers are able to cross various cell membranes
and barriers, including BBB by paracellular or transcellu-
lar transport [17, 59]. The mechanism that was mentioned
above also applies in this case. Molecules with positive
charged surface may interact with negatively charged en-
dothelial cell membrane and cross the barrier via adsorp-
tive-mediated transcytosis (Fig. 3). Among other basic
mechanisms of molecule transport, which are illustrated in
the Fig. 3, belongs transcellular diffusion (1.), carrier-medi-
ated transport (2.), passive or paracellular transport (3.) or
receptor-mediated transport (4.) [54, 71, 72].

Receptor mediated transport, which is used for trans-
mission of large molecules (e.g. proteins, hormones) is
mostly utilized mechanism in bionanomedicine for the
drug transport. Insulin, transferrin, low-density lipopro-
tein (LDL) receptors, and single domain llama antibodies
are the most commonly studied [54]. The multifunctional
receptors LRP1 and LRP2 are two of these LDL receptors.

They can transport a variety of proteins, including lacto-
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Fig. 3. Basic mechanisms of transport across blood-brain barrier. 1. Passive transcellular diffusion;
2. Carrier-mediated transport; 3. Paracellular transport; 4. Receptor-mediated transport; 5. Adsorptive-mediated transcytosis.
Original sketch, modified accordingto Velasco-Aguirre etal. [71]

ferrin, angiopep-2, and leptin peptide fragments [62]. Con-
structing nanoparticles, specifically dendrimers with these
types of molecules on their surface as functional ligands,
allows them to cross the BBB and have a direct effect on
therapeutics at a target site. Furthermore, as previously
stated, after pathogen entry into the CNS, tight junction
proteins between endothelial cells are disrupted, increas-
ing BBB permeability. As a result, dendrimers can more
easily pass through the membrane via paracellular trans-
port and attempt to fight the infection [72].

CONCLUSIONS

In conclusion, despite developed vaccines or antibiot-
ics, bacterial meningitis poses a serious health risk. Patho-
gens adapt quickly, mutate and become resistant. To con-
trol meningitis globally, a new alternative antimicrobial
strategy is required. We believe that using dendrimers as
novel therapeutics is appropriate due to their advantageous
structure as a nano-drug delivery agent to the central nerv-
ous system and health benefits. Given this information,
a multidisciplinary approach is required to obtain stable,
safe, and effective dendrimers for future treatment of bac-

terial meningitis in humans and animals.
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