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Abstract: Searching for new devices capable to counteract the growing bacterial resistance, we
reported the remarkable antimicrobial activity against several Gram-negative species of cationic
dendrimers (CD), modified with lysine and histidine, also establishing that their cationic character,
due to the lysine content, is essential for their potency. To develop new antibacterial agents, possibly
active against Gram-positive species, cationic dendrimer complexes containing arginine and lysine,
and trapping ursolic and oleanolic acids (UOACDs), two natural triterpenoids known for their
activity against Gram-positive bacteria, were considered here as excellent candidates. Three selected
UOACDs were tested unsuccessfully against Gram-negative strains, but successfully against 12
Gram-positive clinical isolates. The preliminary results obtained, in terms of MIC values, established
that the antibacterial activity observed for UOACDs strongly depended on the number of cationic
groups and the type of peripheral amino acids present in the CDs, and was attributable only to CDs
and not to the presence and release of UOA. Lysine was critical for potency, while arginine
redirected activity against Gram-positive species. A high cationic character, associated with the
balanced content of lysine/arginine, produced a remarkable antimicrobial effect (MIC = 0.5-8.7 uM).
More indepth investigations are underway to better characterize the activity of the developed
argininecontaining CDs.

Keywords: new bactericidal agents; antibacterial polycationic dendrimers; arginine and lysine
dendrimers; multi-drugs resistant Gram-positive bacteria; Enterococcus and Staphylococcus genera;
ursolic and oleanolic acids.

1. Introduction

The rapid and worldwide increase in antimicrobial resistance among bacterial pathogens,
frequently associated with therapeutic failures and high mortality rates, urgently requires alternative
curative options, able to replace the no longer active antibiotics [1].

The most concern regards Gram-negative bacilli, including aerobic non-fermenting multi-drugs
resistant (MDR) bacteria, such as Acinetobacter baumannii, Pseudomonas aeruginosa, and
Stenotrophomonas maltophilia, which are emerging as clinically relevant superbugs, contributing
significantly, with their worrying resistance levels, to numerous therapeutic failures [2]. However,
antibiotic resistance has become also a major problem also in the treatment of infections caused by
many Gram-positive bacteria. The most important Gram-positive resistant organisms include
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penicillin-resistant Streptococcus pneumoniae, methicillin-resistant Staphylococcus aureus (MRSA), S.
epidermidis (MRSE) and Enterococcal species, such as Enterococcus faecium and E. fecalis that express
high-level resistance to aminoglycosides and/or resistance to vancomycin (VRE) [3]. Frequently, these
strains show multi-drug resistance, becoming tolerant to currently available agents, thus requiring
innovative therapeutic strategies, including the administration of a higher antibiotic dosage, the use
of alternative, non-conventional drugs, alone or in combination, and the development of new drugs.
In this regard, an appealing class of potent unconventional antimicrobial molecules is represented by
the natural cationic antimicrobial peptides (CAMPs) [4-7], characterized by a broad spectrum of
action, being active on a wide variety of Gram-positive and Gram-negative bacteria, fungi, protozoa
and yeast [8,9].

According to several observations, CAMPs may damage and kill microorganisms by interfering
with several specific and crucial bacterial vital processes [10], but mainly CAMPs are reported as
membrane-active compounds and membranes disruptors [8-11].

Due to their cationic structures, due to the presence of the ammonium groups of some basic
amino acids and of the N-terminal groups of the fatty acids tails, CAMPs interact electrostatically
with the anionic constituents of bacterial cell membranes, such as lipopolysaccharide (LPS) and
phospholipids on the outer membrane (OM) of Gram-negative bacteria and with the teichoic acids
on the surface of Gram-positive pathogens, thus managing to spread inside them.

These phenomena cause alterations in the integrity of the membranes, pore formation and
permeabilization of the cell wall, that ultimately, lead to loss of bacterial cytoplasmic content and cell
death [8-11].

Despite their efficacy, fast action, and a low incidence in the development of resistance [12],
CAMPs are endowed with low biocompatibility and high toxicity against eukaryotic cells, which
limit their clinical use [8].

In the last twenty years, less toxic, more stable and more low-cost synthetic mimics of CAMPs,
including cationic peptides, positively charged polymers, and more recently polycationic
dendrimers, containing different cationic structures, were developed [8,13]. Dendrimers represent a
unique class of macromolecules, very different from linear polymers, extensively studied for
applications in many sectors including the biomedical one [14-17]. Structurally different positively
charged dendrimers, such as polyethyleneimine (PEI) dendrimers, organometallic dendrimers,
ammonium-terminated, polypropylene imine (PPI), polyamidoamine (PAMAM) or peptide-based
dendrimers, have been developed and successfully investigated as new unconventional devices to
treat infections sustained by multi-drug resistant bacteria [13].

Among them, unmodified PAMAMSs, such as the G7 PAMAM developed by Gholami et al.
(2017) [18], proved to be very performant materials and to possess a strong broad-spectrum
antibacterial activity in a number of case studies. Unfortunately, their clinical application is hampered
by several issues, such as their low biodegradability, susceptibility to opsonization, high level of
toxicity to mammalian cells, including hemolytic toxicity, cytotoxicity and fast clearance [14-17].

To address these issues, although they have still been little studied, polyester-based dendrimer
scaffolds, peripherally functionalized with natural amino acids, have proven to represent very
appealing alternative devices, endowed with considerable antibacterial activity and no cytotoxicity
[19-21], also because of their good biodegradability [22-24].

In this regard, we recently published a study regarding the antibacterial effects of three fifth
generation cationic polyester-based dendrimers (G5Ds) peripherally decorated with L-lysine (G5K),
L-histidine (G5H) or a mixture 46/50 of L-histidine and L-lysine (G5HK), selected among a library of
15 polycationic homo- and hetero-dendrimers, previously synthetized for gene therapy purposes
[21,25].

Although considered non-active on E. coli, K. pneumoniae and all the Gram-positive strains, taken
in consideration in the study, all G5Ds displayed remarkable activity against MDR non-fermenting
Gram-negative species such as P. aeruginosa, S. maltophilia and A. baumannii. In particular, very low
MIC values (0.5-2.1 uM) were observed for the lysine-modified dendrimer G5K. G5K proved to be
the most active dendrimer, even more active than the potent colistin (2.1 versus 3.19 uM) against P.
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aeruginosa, thus establishing the key role of the presence of cationic groups of lysine, to exert a
selective antibacterial behavior towards these bacterial species [21]. On the contrary, the presence of
histidine close to lysine, or the absence of lysine, tended to progressively decrease the antibacterial
activity of the devices. Considering their lack of cytotoxicity and their activity comparable to, or even
superior to that of antimicrobial dendrimers previously reported, G5Ds were the first example of
polyester-based cationic dendrimers modified with single amino acids That were really effective in
counteracting the alarming resistance of nosocomial of non-fermenting Gram-negative pathogens
[21].

On this background of promising results, in this new study, it was explored the antibacterial
activity of three new polyester-based amino acids-modified dendrimers, opportunely selected among
a small library of six cationic dendrimers loaded with ursolic acid (UA) and oleanolic acid (OA) in
mixture (UOA) [26] (Figure 1a). They had previously been prepared to make the two triterpenoids
acids (UOA), otherwise not administrable in vivo because insoluble, water-soluble and
administrable, and to enhance their properties [27], including antibacterial effects against Gram-
positive strains [28,29].
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Figure 1. Structure of UA and OA, loaded as mixture into the cationic dendrimers (CDs) (a); (b)
structure of the uncharged forth (G4) and fifth generation (G5) polyester-based inner scaffolds of the
three CDs [27].

Structurally, the selected dendrimers possessed an inner uncharged polyester matrix of fourth
(G4) or fifth (G5) generation (Figure 1b), peripherally esterified with mixtures having different
content of arginine (R) and lysine (K) or with R alone. Additionally, they entrapped three, four or
eight moles of UOA per mole of dendrimer. They were named G4R(16)K(19), G5R(38)K(30) and
G5R(66), being the numbers in round brackets the content in amino acid residues of each dendrimer.
Their stylized structures have been represented in Figure 2, which also reports the number of moles
of UOA loaded respectively by one mole of each dendrimer.
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Figure 2. Schematic representations of the three GDs loaded with UOA [27].

As can be seen, all dendrimers retained a variable number of free hydroxyls during
functionalization, as indicated near the OH groups in Figure 2.

2. Materials and Methods

2.1. Microorganisms

Two strains of Gram-negative bacteria and a total of 12 isolates belonging to 4 Gram-positive
species were used in this study. All were clinical strains isolated from human specimens and
identified by VITEK® 2 (Biomerieux, Firenze, Italy) or Matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometric technique (Biomerieux, Firenze, Italy). Of the tested
organisms, 2 strains were of the Enterobacteriaceae family, (one E. coli and one K. pneumoniae resistant
(KCP)), 6 strains belonged to the Staphilococcus genus, including 2 methicillin resistant S. auresus
(MRSA) and one susceptible, 2 methicillin resistant S. epidermidis (MRSE) and one susceptible; 6
strains were of the Enterococcus genus (2 E. faecalis resistant to vancomycin (VRE) and one susceptible
and 2 E. faecium VRE and one susceptible).

2.2. Antimicrobial Assays

The Minimal Inhibitory Concentrations (MICs) of the three CDs [G4R(16)K(19), G5R(38)K(30)
and G5R(66)] on the 14 pathogens were determined following the microdilution procedure detailed
by the European Committee on Antimicrobial Susceptibility Testing EUCAST [30]. Briefly, overnight
cultures of bacteria were diluted to yield a standardized inoculum of 1.5 x 108 CFU/mL.

Aliquots of each suspension were added to 96-well microplates containing the same volumes of
serial 2-fold dilutions (ranging from 1 to 1024 ug/mL) of each dendrimer to yield a final concentration
of about 5 x 105 cells/mL. The plates were then incubated at 37 °C. After 24 h of incubation at 37 °C,
the lowest concentration of dendrimer that prevented a visible growth was recorded as the MIC.
Concerning these early investigations, all MICs were obtained in duplicate, the degree of
concordance was in all the experiments 2/2 and standard deviation (+SD) was zero.
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3. Results and Discussion

3.1. Selection of Positively Charged Dendrimers GDs

Confident that cationic polyester-based dendrimers, similar to the recently published G5Ds and
active against Gram-negative species, could be endowed with similar antibacterial properties [21],
we proceeded with the development of new cationic antibacterial dendrimers, with a more broad
spectrum of action, or at least active against Gram-positive species on which previous G5Ds were
ineffective.

In this regard, it was thought that the presence of moieties of compounds such as the triterpenoid
acids UA and OA, previously shown to be active against species representing the genus Staphilococcus
and Enterococcus [28,29], could be helpful in achieving our goal.

Consequently, we thought to reconsider an available mini library of cationic dendrimers loaded
with the UOA mixture, previously successfully synthetized to solubilize water-insoluble UA and OA
extracted from Salvia corrugata [26], otherwise not bioavailable and not administrable in vivo [27].

After selecting the pull of the dendrimers loaded with UOA, a screening was carried out
selecting high generation molecules (G4 and G5), since a higher generation would have allowed a
high multivalence and therefore a higher content of amino acids and higher density of cationic
charges [9,18,21,31], essential for the interaction of the devices with bacterial membranes, for their
destruction and killing of pathogenic microorganisms. Unlike the previous study [21], also a lower
generation dendrimer, with significantly lower content in cationic groups was selected. This was
done to explore whether a reduced cationic character could allow significant antibacterial activity to
be maintained, and could help redirect activity even towards pathogens with less negatively charged
external envelops, such as Gram-positive species. Since lysine was found to be essential for good
antibacterial activity [21], two dendrimers containing different amounts of this amino acid were
selected. However, to obtain antimicrobial devices active against various bacterial strains, the amino
acid that accompanied lysine was modified.

Arginine was chosen instead of histidine, due to the presence of the guanidine group in its
structure, as guanidinium homopolymers and copolymers were reported to be more effective against
Gram-positive than against Gram-negative bacteria [8,9]. Finally, to evaluate the intrinsic efficiency
of arginine, a fifth generation dendrimer containing exclusively arginine was chosen. Table 1 reports
the main structural characteristic of the selected dendrimers and their physicochemical properties.

Table 1. Main structural characteristic and physicochemical properties of cationic dendrimers of this

study [27].
Features G4R(16)K(19)  G5R(38)K(30)  G5R(66)
Arginine, lysine, residual hydroxyls units 16,19, 13 38, 30, 28 66, 0, 30
UOA moles per dendrimer mole 4 8 3
UOA loading % (wt/wt) 12.6 12.7 5.0
Cationic groups 70 136 132
Molecular Weight 14600 29300 27400
UOA released after 24 h (%) 75.2 65.9 65.2
Z-potential (mV) 248+0.2 31.8+0.1 34.0+0.6
Z-Ave size (nm)
UOA released by complexes after 24 h 24911 20331 l61x21
(ug/10 mg) 75.5 65.9 65.2

3.2. Antimicrobial activities of G4R(16)K(19), G5R(38)K(30) and G5R(66)

MIC values for all three dendrimers were obtained by analyzing a total of 14 strains of clinical
origin. From preliminary results obtained on E. coli and K. pneumoniae, selected as representative of
Gram-negative bacteria, it was established that CDs loaded with UOA were ineffective in inhibiting
bacterial growth. For this reason, their activity has been studied more in deep against Gram-positive
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species, towards which significant antibacterial properties have been reported, especially against 12
strains, representatives of the genera Enterococcus and Staphylococcus (Table 2). In this regard, it was
considered essential to establish whether the antibacterial activity exerted by the dendrimer
complexes was due to a synergistic activity of the UOA with the cationic dendrimers, only to the
cationic dendrimers or to the UOA released. Rational speculations have been possible, simply
comparing the MIC values of the free UOA, the MIC values displayed by the UOACDs and the
maximum concentration of UOA obtainable from these devices based on the observed MIC values
(Table 2).

The maximum concentrations of UOA were calculated considering the UOA released after 24 h
from 10 mg of the different UOACDs [27]. In this regard, we are confident to correctly state hat the
CD delivery systems themselves possessed antibacterial properties, that the presence of UOA did not
contribute to the observed antibacterial potency of the dendrimer devices and that the inhibitory
activity reported by the dendrimers was due solely to the cationic structures of dendrimer carriers
themselves.

As confirmation to this assumption, the data obtained showed that, with the exception of one
isolated case, the maximum concentration of UOA obtainable on the basis of the MIC values reported
was far below the MIC values of free UOA, thus establishing that the antibacterial activity observed
is attributable to the cationic dendrimer itself and not to the UOA.

In particular, G5R(66), containing only arginine, showed a similar antibacterial activity on
Enterococcus and Staphilococcus, reporting comparable MIC values, and with a very narrow
distribution, towards the two genera. Its activity against Staphilococci was lower than that of
G5R(38)K(30), but higher than that of G4R(16)K(19), probably due to its lower? cationic character (70
cationic groups versus 132). On the contrary, against all Enterococci, G5R(66) showed much lower
potency than the G4RK dendrimer (less cationic) and the G5RK dendrimer (with a similar cationic
charge). From these findings, it can be concluded, that the genus Staphilococcus was more susceptible
to the density of cationic groups present in the dendrimer structure, while the genus Streptococcus
was more susceptible to the presence of lysine.

The greatest activity of the devices? was observed against the S. epidermidis 127 (MRSE) strain
which was the most susceptible isolate of Staphilococcus to all UOACDs, reporting an order of potency
in which G5R(38)K(30) > G5R(66) > G4R(16)K(19) (Table 2). G4R(16)K(19) and G5R(38)K(30),
containing both lysine and arginine, were much more active against the Enterococcus genus than on
that of Staphilococcus, similarly to the free UOA mixture, displaying very low MIC values (2.2—4.4 uM
and 0.5-1.1 uM respectively). The most effective compound was G5R(38)K(30) which showed low
MIC values also against the Staphilococcus genus (2.2-8.7 uM).

It is noteworthy that the antibacterial activity of these cationic dendrimers was evident, on
susceptible genera, regardless of the pattern of resistance to current antibiotics of the isolates
evaluated.

In conclusion, it can be stated that the antimicrobial activity of the newly developed cationic
materials depended mainly on the density of their cationic charge (and therefore on the number of
cationic groups) and on the type of peripheral amino acids, (i.e., on the type of ammonium group
responsible for the cationic character). From the MIC values reported in Table 2, it appears that,
against the genus Staphylococcus, the antibacterial activity was proportional to the number of cationic
groups, while against the genus Enterococcus a good antibacterial activity was due to the presence of
the cationic groups of lysine. Indeed, G5R(66) not containing lysine, although possessing a number
of cationic groups comparable to that of G5R(38)K(39), showed much lower antibacterial activity
against all bacteria of genus Enterococcus (MIC values lower up to 37 times).

Moreover, G4R(16)K(19), despite possessing a far lower number of cationic groups than G5R(66),
was significantly more active against all Enferococcus strains analyzed, probably due to the presence
of lysine. Finally, since these first results showed that all dendrimer complexes were no effective
against the Gram-negative strains considered, it can be established that the presence of the arginine
guanidine group contributed to making the GCDs selective particularly for the Gram-positive strains

[9].
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Table 2. MIC values of the three dendrimers and of UOA, expressed as pg/L and millimolarity (mM) against the Gram-positive strains tested in the study, and the
max concentrations of UOA released according to the MIC values observed for each dendrimer complex according to its release profile previously reported [27].

UOA G5R(66) Max UOA G4R(16)K(19) Max UOA released 2 G5R(38)K(30) Max UOA
MW 456.7 MW 27400 Released ! MW14600 MW 29300 released 3
3 moles UOA per dendrimer mole 4 moles UOA per dendrimer mole 8 moles UOA per dendrimer mole

MIC values®  pg/mL(uM) pg/mL (M) pg/mL(uM) pg/mL (M) pg/mL(uM) pg/mL(uM) pg/mL(uM)
S. aureus 118 MRSA 32 (70.1) 256 (9.3) 1.7(3.7) 256 (17.5) 19 (4.2) 128 (4.4) 0.8 (1.8)
S. aureus 120 MRSA 16 (35.0) 512 (18.7) 3.4(7.4) 512 (35.1) 3.9 (8.5) 256 (8.7) 1.6 (3.6)
S. aureus 119 32 (70.1) 512 (18.7) 3.4(7.4) 512 (35.1) 3.9 (8.5) 256 (8.7) 1.6 (3.6)
5. epidermidis 1274 ¢ 35 0) 128 (4.7) 0.9 (1.9) 128 (8.8) 1.0 2.1) 64 (2.2) 0.4 (0.9)

MRSE

S e”iﬁzggis 201 3 @0 256 (9.3) 1.7 (3.7) 256 (17.5) 19 (4.2) 128 (4.4) 0.8 (1.8)
S. epidermidis 119 16 (35.0) 512 (18.7) 3.4 (7.4) 256 (17.5) 19 (4.2) 64 (2.2) 0.4 (0.9)
E. faecalis 110 VRE 8 (17.5) 512 (18.7) 3.4(7.4) 32(22) 0.2 (0.5) 32 (1.1) 0.2 (0.5)
E.faecalis 124 VRE ~ 4(8.8) 256 (9.3) 1.7 (3.7) 64 (4.4) 0.4 (1.0) 16 (0.5) 0.1(0.3)
E. faecalis 127 8 (17.5) 256 (9.3) 1.7 (3.7) 64 (4.4) 0.4 (1.0) 32 (1.1) 0.2 (0.5)
E. faecium 118 VRE 4 (8.8) 256 (9.3) 1.7 (3.7) 64 (4.4) 0.4 (1.0) 32 (1.1) 0.2 (0.5)
E. faecium 123 VRE 2 (4.4) 512 (18.7) 3.4(7.4) 32(22) 0.2 (0.5) 16 (0.5) 0.1(0.3)
E. faecium 127 4(8.8) 512 (18.7) 3.4 (7.4) 64 (4.4) 0.4 (1.0) 32 (1.1) 0.2 (0.5)

! by the MIC observed for G5R(66) after 24 h; 2 by the MIC observed for G4R(16)K(19) after 24 h; 3 by the MIC observed for G5R(38)K(30) after 24 h; ¢ experiments
were made in duplicate and the concordance degree was 2/2 and +SD was zero.
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5. Conclusions

The aim of the present work was to identify new and unconventional antimicrobial agents to
replace traditional antibiotics, which are now less and less effective due to increasing bacterial
resistance. In particular, we were mainly interested in antibacterial agents active against the main
species of Gram-positive bacteria.

In a previous study carried out by our group (ref?), highly cationic dendrimers, modified with
lysine and histidine, showed a selective potency for non-fermenting Gram-negative bacteria species,
such as P. aeruginosa, A. baumannii and S. maltophilia. To pursue our objective, similar cationic
materials were further selected, choosing them from a set of differently functionalized dendrimers,
loaded with an extract of UO and OA (UOA), triterpenoid acids known for their antibacterial activity
against Gram-positive species.

Although inactive against the Gram-negative bacteria tested, the selected dendrimers displayed
considerable inhibiting properties against 12 Gram-positive bacterial strains of clinical origin,
belonging to the genera Enterococcus and Staphylococcus.

All dendrimer devices exhibited an antibacterial activity attributable to their cationic structure
and their amino acid content, and not to the presence of UOA, being the quantities of UOA produced
as a function of the MIC values obtained, much lower than the MIC values observed for free UOA.

Interestingly, G5R(38)K(30) dendrimer, with the largest number of cationic groups and
containing both lysine and arginine, was found to be the most active against all bacterial strains
tested. In fact, it reported MIC values in the range of 2.2-8.7 uM against Staphylococcus strains,
including MRSA and MRSE isolates, and in the range of 0.5-1.1 uM against Enterococcus strains,
including VRE isolates.These findings confirmed that lysine is essential for a good antibacterial
activity, and that the guanidinium group of arginine is capable of redirecting the activity of the
dendrimers towards Gram-positive species.

Although more in-depth investigations are needed to better define the antibacterial activity of
the arginine-containing dendrimers and to evaluate their cytotoxic profile, G5R(38)K(30), represents
a biodegradable dendrimer device, which, harmonizing in its structure the correct ratio between the
amino acids and an adequate number of cationic groups, is able to exert a strong antibacterial activity
against Gram-positive species. The dendrimer G5R(38)K(30) is worthy of being considered a
promising alternative to several commonly used antibiotics, now plagued by the burden of
widespread resistance.
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