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ARTICLE INFO ABSTRACT

Keywords: The urgent development of alternatives to conventional antibiotics is essential to address the escalating burden of
Antibacterial activity bacterial antibiotic resistance. Therefore, in this work, we focus on amphiphilic antimicrobial agents having a
Cytotoxicity linear-dendritic structure. They are derived from the first four generations of dendritic polyesters derived from
giﬁﬁ;mm 2,2-bis(hydroxymethyl)propionic acid that are linked to different hydrophobic alkyl chains at the focal point and

decorated with cationic guanidinium groups at their periphery. The preparation of these compounds is accom-
plished through a versatile and orthogonal click chemistry-based strategy. Firstly, alkyl chains are introduced at
the focal point of the dendrons via a Cu(l)-catalyzed azide-alkyne cycloaddition. Subsequently, Boc-protected
guanidinium groups are attached to the dendron periphery using a thiol-ene reaction, followed by depro-
tection to yield the cationic guanidinium groups. These amphiphilic linear-dendritic compounds exhibit anti-
microbial activity against Gram-positive (Staphylococcus aureus ATCC 25923) and Gram-negative (Escherichia coli
S17) bacteria. The antimicrobial activity and cytotoxicity toward eukaryotic cells, specifically, human dermal
fibroblast, HaCaT human keratinocytes and J774A.1 mouse monocyte-macrophages, can be finely optimized to
obtain antibiotic-like materials by varying the dendritic generation and adjusting the hydrophobic/hydrophilic
balance, which is mainly governed by the length of the alkyl chain at the focal point of the dendron. The
orthogonal click chemistry strategy enables facile modulation of the hydrophobic/hydrophilic balance from a
common dendritic scaffold, achieving a linear-dendron agent that displays antimicrobial activity comparable to
that of conventional antibiotics, while maintaining high cytocompatibility.

Click chemistry

1. Introduction

The increasing resistance of pathogenic bacteria to conventional
antibiotics, fueled by their widespread misuse and the limited discovery
of new antibiotics, represents an escalating threat to global health [1-3].
Therefore, there is a pressing need to develop new antimicrobial can-
didates that prevent or hinder the generation of antimicrobial resistance.
Antimicrobial peptides (AMPs), also known as host-defense peptides,
have emerged as promising alternatives to traditional antibiotics [4,5].
AMPs are typically composed of 10-50 cationic amino acids and present
an amphiphilic structure, being the balance between cationic and hy-
drophobic residues essential for their antimicrobial activity. The
cationic groups of AMPs electrostatically interact with the anionic

components of the bacterial membrane and the hydrophobic residues
fuse with the phospholipid bilayer of the plasma membrane. These
non-specific interactions compromise membrane integrity, leading to
permeabilization, disruption, and ultimately, cell death [6,7]. Besides,
the antimicrobial resistance is generally less frequent or more slowly
developed than in the case of traditional antibiotics due to these
non-specific interactions between AMPs and bacterial membranes [8].
Despite their potent and broad-spectrum antimicrobial activity and
reduced risk of inducing resistance, AMPs also present several draw-
backs, including high production costs, low physiological stability, and
significant toxicity to mammalian cells [9-11]. However, these limita-
tions can be addressed through the design and synthesis of versatile
AMP-mimetic polymers [12].
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To date, a wide range of antimicrobial cationic synthetic polymers
have been developed, mostly based on non-degradable linear back-
bones, such as polymethacrylates [13,14]. To avoid side health effects of
non-degradable polymeric chains, antimicrobial degradable synthetic
polymers like aliphatic polycarbonates [15,16] or polyesters [17],
containing cationic groups, have also been described. Concerning the
cationic functionalization, several groups have been explored, being
ammonium and guanidinium groups the most common [18,19]. In
particular, guanidinium groups, which structurally resemble arginine
residues, have demonstrated enhanced antimicrobial efficacy compared
to their ammonium-containing counterparts, as reported in several
studies for synthetic linear polymers [16,20]. The hydro-
phobic/hydrophilic balance is also a determinant factor for the effec-
tiveness of these AMP-mimetic synthetic polymers against bacteria, as
directly influences the disruption of lipidic membranes. In most cases,
increasing the hydrophobic balance enhances the antimicrobial activity
of polymers but compromises their biocompatibility and solubility [21,
22]. Consequently, significant efforts have been made to optimize the
nature of cationic charges, the amphiphilic balance, and the chemical
structure to obtain polymers exhibiting strong antimicrobial activity and
high biocompatibility [23].

Compared to linear antimicrobial polymers, dendrimers have been
less studied, although their monodispersity and well-defined architec-
ture might offer better control and reproducibility of antimicrobial and
hemolytic activities [24]. Among the different explored dendrimers as
antimicrobial macromolecules [25-28], aliphatic polyester-based den-
drimers stand out due to their demonstrated degradability under phys-
iological conditions, which results in a reduced toxicity [29]. In this
regard, Stenstrom et al. reported a series of dendrimers based on 2,2-bis
(hydroxymethyl)propionic acid (bis-MPA), functionalized, via esterifi-
cation of the peripheral hydroxyl groups, with ammonium moieties and
spanning generations from one to five [30]. In later work, the same
group incorporated ammonium groups using cysteamine and a thiol-ene
reaction to decorate the dendron periphery. This process produced thi-
oether bonds rather than hydrolysable esters, which increased den-
drimer stability under physiological conditions and led to higher
antimicrobial efficacy without a significant rise in cytotoxicity against
monocyte/macrophage-like cells and human dermal fibroblasts [31].

Amphiphilic dendronized macromolecules, particularly those with a
linear-dendritic structure, constitute an interesting alternative to den-
drimers. Their design allows precise tuning of the hydrophobic/hydro-
philic balance by incorporating hydrophobic entities at the focal point of
the dendron, while the charge density can be modulated by varying the
dendritic generation, thus optimizing both antimicrobial activity and
cytotoxicity [26,28,32-36]. Motivated by the role of some fatty acid
chains in many AMPs, Siriwardena et al. synthesized a peptide dendron
featuring a linear lipid chain and ammonium cationic groups, resem-
bling an amphiphilic dendron-tail structure. This macromolecule
exhibited remarkable antimicrobial effects against Pseudomonas aerugi-
nosa PAO1 and Escherichia coli DH5a, with minimum inhibitory con-
centrations (MICs) as low as 3 and 1 pg/mL, respectively [37]. The
importance of combining a dendritic structure and linear aliphatic tails
in AMPs was also corroborated by Lai et al. having in this case guani-
dinium as cationic groups [38].

However, the synthesis of amphiphilic dendritic-like AMPs is chal-
lenging. Synthetic dendrons having linear aliphatic tails have been
explored mainly based on poly(amidoamine) (PAMAM) dendrons as a
more versatile alternative than synthetic peptides with dendritic struc-
ture. Guo et al. described the first two generations of amphiphilic
PAMAM dendrons, having peripheral ammonium cationic groups and
aliphatic tails connected to a focal point. The MICs exhibited by these
dendrons for several Gram-positive and Gram-negative bacteria
decreased when the aliphatic tail was increased [28]. Dhumal et al.
described a series of amphiphilic linear-dendritic macromolecules based
on a PAMAM dendron of third-generation connected to an aliphatic tail,
with self-assembly properties [34]. Different ionic groups were
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introduced at the dendron periphery and the authors observed that the
ammonium groups exhibited potent antimicrobial activity (MIC = 6
pg/mL for Escherichia coli CECT 515), whereas, surprisingly, the guani-
dinium groups were poorly active (MIC = 200 pg/mL for Escherichia coli
CECT 515), despite having shown similar or improved activity than
ammonium groups in dendrimers with the same chemical structure
[32]. The resulting ammonium amphiphilic PAMAM dendrons were
evaluated in vivo in murine models and did not induce resistance against
Escherichia coli MG1655 and A. baumannii ATCC17978, being an alter-
native to target antibiotic-resistant bacterial pathogens [39,40].

Bis-MPA polyester dendrons have been scarcely investigated in the
emerging field of amphiphilic linear-dendritic antimicrobial molecules
[33], despite the antimicrobial activity exhibited by high generations of
this type of dendrons [27,41,42]. Chen et al. reported amphiphilic
bis-MPA dendrons up to the third-generation, functionalized with
ammonium groups at the periphery and alkyl chains of different lengths
(from 2 to 14 carbon atoms) at the focal point as hydrophobic tails,
designed to function as antimicrobial agents. By adjusting the dendritic
generation and the alkyl chain length, an optimal balance between
antimicrobial activity and cytotoxicity was achieved. The generation
number primarily influenced the cytotoxicity, decreasing at higher
generations, while the length of the focal alkyl chain affected the anti-
microbial activity, increasing with longer alkyl chains. Therefore, an
optimal balance between hemolytic and antimicrobial activity was
achieved for the third-generation dendron combined with the longest
alkyl chain having 14 carbon atoms [35]. In a subsequent study, the
same authors synthesized comparable linear-dendritic structures but
with peripheral guanidinium groups [36]. As observed in the afore-
mentioned ammonium dendrons, antimicrobial activity increased with
the alkyl chain length, while cytotoxicity decreased with higher den-
dritic generations. However, all compounds showed similar values in
antimicrobial activity or cytotoxicity to their ammonium counterparts.
Nevertheless, this study was limited to the first two dendron genera-
tions, as higher generations could not be successfully synthesized, in
contrast to what previously reported for ammonium analogs.

Building on the previous works, the present study describes the
synthesis, antimicrobial activity and cytotoxicity of guanidinium func-
tionalized bis-MPA dendrons up to the fourth-generation with different
alkyl chains at the focal point. Bis-MPA is a building block with excellent
synthetic versatility to prepare biodegradable dendrons with low
toxicity in comparison to other dendritic materials, such as PAMAM [29,
30]. In these systems, the best balance of dendron generation and/or
aliphatic tail length was evaluated to obtain antimicrobial agents with
low cytotoxicity against eukaryotic cells. To achieve higher dendron
generations, a versatile and efficient orthogonal click functionalization
strategy was devised, employing allyl-functionalized dendron pre-
cursors with an azido group at the focal point. This approach first in-
volves attaching alkyl chains at the focal point via Cu(l)-catalyzed
azide-alkyne cycloaddition (CuAAC), followed by the introduction of
guanidinium groups at the periphery of the dendron scaffold through a
thiol-ene light-initiated reaction. This approach is highly versatile as the
hydrophobic/hydrophilic balance can be adjusted just by clicking pre-
formed dendrons and aliphatic tails. Finally, the cationic groups were
connected to the resulting platform to modulate the charge density at
the surface. Antimicrobial activity was evaluated against Staphylococcus
aureus ATCC 25923 and Escherichia coli S17 as representative models of
Gram-positive and Gram-negative bacteria, respectively. Besides, cyto-
toxicity studies were conducted on several eukaryotic cells, including
keratinocytes (HaCat), fibroblasts, and macrophages.

2. Materials and methods
2.1. Materials

6-Azidohexan-1-ol and compounds (1), (2) and (3) were synthesized
according to previously reported procedures [43,44]. Tryptic Soy Broth
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(TSB) was purchased from Condalab (Spain) and Tryptic Soy Agar (TSA)
plates made using Chromocult® dehydrated media produced byMerck
KGaA (Germany). Paraformaldehyde 4 % in PBS was obtained from Alfa
Aesar (Germany). Dulbecco's Phosphate Buffered Saline (DPBS), Dul-
becco's modified Eagle's medium high glucose with stable glutamine
(DMEM) and antibiotic-antimycotic solution (pen-
icillin-streptomycin-amphotericin B; PSA) were acquired from Biowest
(France). Fetal bovine serum (FBS) was purchased from Gibco (USA),
and the Blue Cell viability assay kit was supplied by Abnova (Taiwan).
All other reagents and solvents were purchased from Sigma-Aldrich and
Fisher Scientific and were used as received.

2.2. Characterization techniques

ICP-OES analysis was carried out on a Thermo Scientific I CAP PRO
XP Duo spectrometer. Infrared (IR) spectra were recorded on a Bruker
Vertex 70 spectrophotometer using 1-2 % (w/w) KBr pellets. 'H nuclear
magnetic resonance (1H NMR), 3¢ NMR and '°F NMR spectra were
registered on a Bruker AV-400 spectrometer using either CDCls,
DMSO-dg or CD3OD. Matrix-assisted laser desorption ionization, time-
of-flight mass spectrometry MALDI-TOF MS was performed on an
Autoflex Bruker mass spectrometer using dithranol as matrix. High
resolution mass spectrometry (HRMS) was carried out in a positive ion
electrospray ionization (ESI+) mode on a Bruker Q-TOF-MS instrument.
Dynamic light scattering (DLS) measurements were carried out in a
Malvern Instrument Nano ZS using a He-Ne laser with a 633 nm
wavelength and a detector angle of 173° at 25 °C. The size measure-
ments were registered three times to ensure reproducibility. Trans-
mission Electron Microscopy (TEM) was carried out on a FEI TECNAI
T20 electron microscope operating at 200 kV. The fluorescence mea-
surements to determine the CAC of the self-assemblies were conducted
on a PerkinElmer LS 50B fluorescence spectrophotometer. Fluorescent
measurements for in vitro cytotoxicity assays were performed in a Var-
ioskan LUX microplate reader (Thermo Fisher, USA). The morphology of
bacteria was observed by an Inspect F50 field emission gun scanning
electron microscope (FEI Company, USA).

2.3. Synthesis

2.3.1. General procedure for CUAAC reaction in the preparation of m-Gn-
All

CuBr (20 % mol with respect to dendron) and N,N,N,N’,N’-pen-
tamethyldiethylenetriamine (PMDETA) (20 % mol with respect to den-
dron) were added to a solution of Az-Gn-All and alkyne compound (20
% excess of alkyne group with respect to azide) in DMF (approx. ratio 2-
1 mL per 100.0 mg of Az-Gn-All) previously purged and deoxygenated
with argon. The reaction was stirred for 24 h at RT and then, concen-
trated under vacuum. The crude was dissolved into DCM (20 mL) and
washed with water (5 x 20 mL). The organic layer was dried over
MgSO0y, filtered, and evaporated. 1-Gn-All required no further purifi-
cation, as hex-1-yne was removed during evaporation. In contrast, 2-Gn-
All were further purified by flash column chromatography on silica gel,
as indicated in the Supporting Information. The characterization data of
all m-Gn-All are provided in the Supporting Information.

2.3.2. General procedure for the thiol-ene reaction in the preparation of m-
Gn-Boc

2,2-Dimethoxy-2-phenylacetophenone (DMPA) (5 % mol with
respect to allyl groups) was added to solution of m-Gn-All and GuBoc-
SH thiol (100 % mol excess of thiol with respect to allyl groups) in THF
(approx. ratio 1 mL per 100 mg of m-Gn-All), previously purged and
deoxygenated with argon. Then, the reaction was irradiated at 365 nm,
using a Philips PL-S-9W UV Hg lamp, while stirring at RT for 6 h. The
solvent was evaporated under vacuum. The first- and second-dendron
generations were purified by flash column chromatography, employ-
ing mixtures of hexane/AcOEt as eluents. The third- and fourth-dendron
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generations were purified by precipitation in cold MeOH or by prepar-
ative size exclusion chromatography (SEC) employing Bio-beads SX-1
and THF as eluent, depending on the kind of dendron, as indicated in the
Supporting Information. The characterization data of all m-Gn-Boc are
provided in the Supporting Information.

2.3.3. General procedure for the Boc deprotection in the preparation of m-
Gn

A solution of m-Gn-Boc in a mixture of DCM/trifluoroacetic acid
(TFA) (9:1) (approx. 10 mL per 150 mg of m-Gn-Boc) was prepared and
stirred at RT for 6 h. Afterwards, the solvent was removed by vacuum
and the crude was precipitated in cold diethyl ether. Then, the dendron
was dissolved in Milli-Q® water and lyophilized. The characterization
data of all m-Gn are provided in the Supporting Information.

2.4. Determination of the critical aggregation concentration (CAC)

CAC was determined by fluorescence spectroscopy using Nile Red as
polarity sensitive probe. A solution of Nile Red in DCM at a concentra-
tion of 6.0 x 10~® M was prepared. Then, 100 pL of this solution were
added to a vial, and the solvent evaporated at RT for 6 h. Subsequently,
600 pL of the self-assembly dispersion, with concentrations ranging from
1.0 x 10~*to 1.0 mg/mL, were added into the vial, achieving a final Nile
Red concentration of 1.0 x 107® M. The mixture was then stirred
overnight in an orbital shaker. Finally, the emission spectra of Nile Red
solution were registered from 530 to 900 nm while exciting at 550 nm.

2.5. Bacterial culture

Staphylococcus aureus ATCC 25923 (S. aureus), obtained from Ielab
(Spain), was used as a model of Gram-positive bacteria and Escherichia
coli S17 (E. coli), kindly donated by Dr. Jose A. Ainsa (University of
Zaragoza, Spain), was selected as a model of a Gram-negative one. A
colony of each strain was cultured in TSB at 37 °C under continuous
shaking for 24 h, until stationary phase growth (~10° CFU/mL) was
reached.

2.6. In vitro antibacterial activity

Different concentrations of each of the 8 compounds were tested
against both bacterial strains to determine the MIC and the Minimal
Bactericidal Concentration (MBC). Briefly, bacteria were diluted to 10°
CFU/mL and exposed to the different compounds in TSB and incubated
at 37 °C under continuous shaking (150 rpm) for 24 h. To quantify viable
bacteria, the standard microdilution method was performed on TSA
plates. Their effectiveness was assessed under the same experimental
conditions to ensure reliable comparisons with the tested compounds.
Untreated bacteria were used as negative control. After 24 h of incu-
bation for the agar plates at 37 °C, bacteria colonies were counted. Each
experiment was conducted with three independent biological replicates
in triplicate.

For scanning electron microscopy (SEM) evaluation of membrane
damage, bacteria were incubated with each of the tested compounds at
their corresponding MICs. After 24 h of incubation, bacteria were
centrifuged for 5 min at 3000 rpm and the supernatant was replaced
with PFA for bacteria fixation and kept for 24 h. Afterwards, samples
were washed twice with PBS 1x and dehydrated with a series of ethanol
gradients in duplicate, the samples were left to air dry. Prior to elec-
tronic visualization, bacterial samples were coated with Pd.

2.7. Invitro cytotoxicity assay

Human dermal fibroblasts (NHDF-Ad) were obtained from Lonza
(Basel, Switzerland), HaCaT human keratinocytes were kindly donated
by Dr. Pilar Martin-Duque (University of Zaragoza, Spain) and J774A.1
mouse monocyte-macrophages ATCC-TIB-67™ were obtained from LGC
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Standards (Barcelona, Spain). All cell lines were cultured in high-glucose
DMEM with stable glutamine, supplemented with 10 % (v/v) FBS and 1
% (v/v) PSA, incubated at 37 °C in an atmosphere with 5 % CO».

The cytotoxicity assay for the different compounds was conducted
using the Blue Cell Viability Assay following the manufacturer's
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instructions. Briefly, 6000 cells per well were seeded and incubated for
24 h at 37 °C in a 5 % CO4 atmosphere. Then, the compounds were
added at different concentrations and, after 24 h of incubation, the
alamarBlue Cell Viability reagent was added at 10 % (v/v). After 4 h at
37 °C and 5 % CO,, fluorescence was measured at 530/590 ex/em in a
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Scheme 1. (a) Synthesis of Az-Gn-All dendrons. Reaction conditions: i) DCC/DPTS, anhydrous DCM, ii) Dowex® 50WX2 resin, MeOH, iii) CDI/CsF, AcOEt. (b)
Synthesis of 1-Gn and 2-Gn series. Reaction conditions: iv) CuBr, PMDETA, DMF, v) DMPA, DMF, UV light, and vi) TFA, DCM. (See experimental procedures in

Supporting Information).
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microplate reader. Untreated cells were considered as control samples.
Cellular cytotoxicity was assessed by comparing the measurements from
treated cells to those obtained from untreated controls, which were
considered to have 100 % viability. Each experiment was conducted
with three independent biological replicates, each measured in tripli-
cate. The cytotoxicity of each compound was used to determine the ICsq
values, defined as the concentration required to reduce cell viability by
50 %. ICso values were calculated from dose-response curves obtained
using nonlinear regression analysis. To evaluate the therapeutic poten-
tial and safety margin of each compound, the selectivity index (SI) was
calculated as the ratio between the ICso value and the corresponding
MIC value (SI=ICs¢/MIC). The SI provides a measure of how a com-
pound inhibits selectively microbial growth relative to its cytotoxicity
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toward mammalian cells. Compounds with higher SI values are
considered more selective towards bacteria and therefore more prom-
ising for further development, as they display antimicrobial activity at
concentrations lower than those causing cytotoxic effects on eukaryotic
cells.

3. Results and discussion
3.1. Synthesis and characterization of guanidinium dendrons
Series of guanidinium-modified linear-dendritic macromolecules

were synthesized from preformed dendrons ranging from the first-to the
fourth-generation (Az-Gn-All, where n is the dendron generation).
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Fig. 1. (a) 'H NMR (400 MHz, CDCl5) spectra of Az-G4-All, 1-G4-All and 1-G4-Boc dendrons and 'H NMR (400 MHz, CD50D) spectra of 1-G4 dendron. The inset
image shows the amplified signal of the methylenic protons attached to the azido group. (b) MALDI-TOF MS results of Az-G4-All and 1-G4-All, using dithranol as
matrix. (c¢) FTIR spectra of Az-G4-All and 1-G4-All.
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These dendrons contain an azido group at the focal point, acting as a
clickable site to attach an aliphatic tail and 2" allylic peripheral groups
(n, dendron generation), serving as clickable sites for the introduction of
guanidine-derived thiols in an orthogonal and versatile manner (Scheme
1). The Az-Gn-All dendrons were prepared using a divergent strategy, as
depicted in Scheme 1a, from three elemental bis-MPA building blocks.
First, the allyl functionalized bis-MPA (1), which forms the periphery of
the dendron and serves as the precursor for the dendron of generation n
= 1. Second, the acetonide protected bis-MPA (2), employed to build the
inner structure of dendron. Third, the azide functionalized bis-MPA
derivative (3), prepared from (2), which enables the attachment of
aliphatic tails to the focal point of dendrons of generations n = 2-4. The
first-generation dendron, Az-G1-All, was obtained by esterification of
(1) with 6-azidohexan-1-ol under Steglich conditions, using N,N-dicy-
clohexylcarbodiimide (DCC) and 4-(dimethylamino)pyridinium 4-tolue-
nesulfonate (DPTS). The second-generation dendron, Az-G2-All, was
similarly synthesized by an esterification reaction using (1) and (3) as
building blocks. For the synthesis of third- and fourth-generation den-
drons, Az-G3-All and Az-G4-All, building blocks (2) and (3) were first
used to grow the dendron generation using iterative esterification and
acetonide deprotection to yield (4) and (5) having hydroxyl groups at
the periphery. Dendrons, Az-G3-All and Az-G4-All, were eventually
prepared by Fluoride-Promoted Esterification (FPE) of the peripheral
hydroxyl groups with the building block (1) using cesium fluoride and
carbonyldiimidazole (CDI) to activate the carboxylic group. This
modification in the esterification process enabled an easier access to
higher generation dendrons with shorter reaction times, and a simplified
work-up [45]. All intermediates were fully characterized, in particular
to ensure the formation of defect-free dendrons. Well-defined Az-Gn-All
dendritic scaffolds were identified by 'H NMR and MS. As an example,
the 'H NMR spectrum of Az-G4-All is shown in Fig. 1a, where signal
intensities confirmed the presence of 16 allyl groups at the dendron
periphery. This was further supported by the corresponding mass
spectrometry results, which displayed only two distinct molecular m/z
peaks at 2525.5 and 2548.6, attributed to the protonated and sodiated
Az-G4-All species, respectively, with no additional peaks which could
indicate an incomplete esterification (Fig. 1b).

Two series of guanidinium dendronized macromolecules, 1-Gn and
2-Gn, were prepared through sequential click reactions on the Az-Gn-
All scaffolds (Scheme 1b). First, an alkyl chain was connected to the
dendron by CuAAC of the azide with either hex-1-yne (series 1-Gn) or
propargyl stearate (series 2-Gn) using CuBr and PMDETA in DMF, with a
slight excess of the alkyne. Next, the peripheral allyl groups were
functionalized with the Boc-protected guanidine thiol, GuBoc-SH, by a
UV-light-initiated thiol-ene reaction using DMPA as a radical UV pho-
toinitiator, and with a two-fold excess of GuBoc-SH to facilitate the
complete peripheral functionalization. The cationic guanidinium-
functionalized dendrons were obtained by removing the Boc groups
with TFA. The specific sequential order of these reactions was strategi-
cally designed to ensure optimal reaction conditions, selectivity and
product integrity. Thus, CuAAC was performed first because the azido
group selectively and orthogonally reacts with the terminal alkyne in the
presence of allyl groups, ensuring high efficiency and regioselectivity.
Initiating the process with thiol-ene modification at the periphery was
ruled out due to the potential degradation of azides into nitrenes under
UV light [46], which could compromise the integrity of the dendron
focal point. Furthermore, conducting CuAAC in the presence of
Boc-protected guanidine groups was deliberately avoided, as guanidine
moieties can coordinate with Cu(I) ions, reducing reaction efficiency
and complicating subsequent purification steps.

The CuAAC proceeded quantitatively according to NMR, Fourier
Transform Infrared (FTIR) spectroscopies, and MS (Fig. S36-43). Using
the G4 dendron from series 1 as a representative example, the 'H NMR
spectrum revealed a downfield shift of the methylene protons directly
attached to the azido group, from 3.27 ppm (Fig. 1a, inset) to 4.33-4.15
ppm, attributed to the proton of the triazole ring in the click adduct,
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confirming the successful completion of the coupling reaction. The 13C
NMR spectrum also showed two signals at 148.5 and 120.6 ppm corre-
sponding to triazole ring (Fig. S1). MALDI-TOF MS characterization also
verified the coupling since only a single molecular m/z peak was
observed, further supporting the completion of the reaction and con-
firming the purity of the final product (Fig. 1b). Likewise, FTIR spec-
troscopy also supported the completion of the click reaction by the
disappearance of azide stretching band of Az-G4-All dendron at approx.
2100 em ™! (Fig. 1c).

The functionalization of allyl groups with GuBoc-SH thiols was
tracked by 'H NMR (Fig. 1a). As the reaction progressed, the intensity of
'H NMR allyl protons at 3.94, 5.28-5.08 and 5.90-5.78 ppm decreased,
while new signals emerged attributed to the formed trimethylene spacer.
Consistently, the 13C NMR spectrum also confirmed the disappearance
of double bond protons along with the appearance of signals corre-
sponding to the Boc-protected guanidine groups (Fig. S1). The removal
of Boc protecting groups was monitored by *H NMR by the disappear-
ance of Boc signal at 1.30-1.60 ppm. As an example, Fig. 1a shows the
'H NMR spectrum of 1-G4. Similarly, the disappearance of Boc methyl
carbons in the °C NMR spectrum was also checked (Fig. S1). The
presence of free TFA in the final guanidinium linear-dendritic com-
pounds was ruled out by recording the '°F NMR spectrum. Thus, in 1-G4
a single peak at —76.9 ppm, corresponding to the trifluoroacetate anion,
was recorded and no evidence of an additional signal at —77.9 ppm,
which would indicate the presence of free TFA, was detected (Fig. S2)
[47].

The presence of copper in the final compounds was evaluated using
inductively coupled plasma optical emission spectroscopy. Copper
levels, if present, were below the minimum detectable concentration of
the technique. In conclusion, using this versatile approach based on
complementary click reactions, guanidinium-containing amphiphilic
linear-polyester dendron compounds can be successfully prepared,
including high dendron generations, with complete peripheral
functionalization.

3.2. Antibacterial activity

The antimicrobial activity of these linear-dendritic macromolecules
was assessed in Gram-positive (Staphylococcus aureus) and Gram-
negative (Escherichia coli) bacteria in order to determine the MIC and
MBC by the serial dilution method. The data obtained are compiled in
Table 1. The selected bacterial strains were chosen to explore whether
differences in the observed bactericidal activity could be dependent on
the different bacterial membrane composition and charge.

It was found that 1-Gn compounds exhibited bactericidal effects at
significantly lower concentrations compared to their 2-Gn counterparts.
As the length of the alkyl chain linked to triazole ring increased from 4 to
19 carbon atoms, the compounds became more hydrophobic, which
appeared to hinder their effective interaction with the bacterial

Table 1

Bactericidal activity of linear-dendritic compounds against Gram-positive
S. aureus and Gram-negative E. coli strains. At least three independent repli-
cates were performed in triplicate.

Dendron MIC (pg/mL) MBC (pg/mL)

S. aureus ATCC E. coli S17 S. aureus ATCC E. coli S17

25923 (Gram- (Gram- 25923 (Gram- (Gram-

positive) negative) positive) negative)

1-G1 2.5 20-50 20 50
1-G2 2.5 2.5 5 5
1-G3 10 5 20 10
1-G4 100 20 200 100
2-G1 250 >500 500 >500
2-G2 50-100 100-150 150 150
2-G3 150 50 500 100
2-G4 250-500 250 >500 500
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membrane. Specifically, 1-G1 compound inhibited the growth of
S. aureus at a concentration of 2.5 pg/mL and E. coli at concentrations
ranging from 20 to 50 pg/mL. In contrast, the longer-chain compound,
2-G1, inhibited S. aureus growth at 250 pg/mL and E. coli at 500 pg/mL,
representing at least a tenfold increase in the required concentration.

This decrease in antibacterial activity with increasing chain length
may be attributed to the reduced solubility and increased steric hin-
drance, which can impair their ability to interact and disrupt the bac-
terial membranes. Additionally, excessive hydrophobicity might lead to
stronger self-aggregation in aqueous environments, further reducing the
surface-to-volume ratio and the consequent bioavailability of the com-
pound. The relationship between alkyl chain length and antibacterial
activity was reported to be associated with the ability of the alkyl chains
to fuse to the bacterial membranes, leading to membrane disruption
[48]. Similar mechanisms were recently described by Hanheiser et al.,
who observed enhanced antimicrobial effects when employing amphi-
philic intermediate dendron generation of oligoglycerols having four
peripheral ammonium groups with a short aliphatic chain linked to the
focal point (two lengths were studied), and attributing this improved
activity not only to a better solubility and membrane accessibility but
also to a more favorable balance between hydrophobic and hydrophilic
domains [49]. However, other linear-dendrons based on bis-MPA,
functionalized with ammonium or guanidinium groups at the periph-
ery, exhibited an opposite trend in antimicrobial activity, a longer
aliphatic chain at the focal point enhanced the antimicrobial effect [35,
36]. Therefore, the correlation between alkyl chain length and anti-
bacterial activity remains unclear due to non-linear behavior, the mul-
tiple biological and chemical variables involved, and system-dependent
effects.

On the other hand, within the same alkyl chain length, specifically in
the 1-Gn series compounds, it was observed that for both bacterial
strains the MICs required to inhibit bacterial growth followed an
increasing trend for higher generations of the guanidinium compound.
The compound demonstrating the most promising antibacterial activity
was 1-G2, with a MIC of 2.5 pg/mL and a MBC of 5 pg/mL for both
S. aureus and E. coli. This compound exhibited stronger bactericidal
activity than both its lower generation counterpart, 1-G1, and higher
generation analogs, 1-G3 and 1-G4, whose antimicrobial concentrations
increased by one to two orders of magnitude. This behavior may be
attributed to a balance between the increased number of positive
charges introduced by additional guanidinium groups, enhancing the
electrostatic interaction with the negatively charged bacterial mem-
branes, and the potential steric hindrance associated with the

Untreated bacteria

S. aureus

E. coli
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incorporation of bulkier structures [50]. These results are consistent
with the findings reported in the recent literature, where an increase in
the number of positively charged groups from 2 to 4 led to enhanced
bactericidal activity. However, when the number of guanidinium groups
increased to 8, the bacterial growth was observed to rise again at the
same inhibitory concentrations [49]. Also, the self-assembly properties
of these dendrons can contribute to bactericidal activity. The formation
of self-assembled nanostructures in water was studied by DLS and TEM
for 1-G2, which exhibited the best antimicrobial activity, and for the
higher generation compound 1-G4, both at 1.0 mg/mL (Fig. S3). The
1-G2 was found to be dispersed in water as unimers, with an average
hydrodynamic diameter (D) of 0.7 & 0.1 nm, indicating that it remains
solubilized at MIC values (far from the used for the DLS study), exhib-
iting an antibiotic-like behavior. In contrast, 1-G4 self-assembled into
micelles (D = 41 + 17 nm) with a spherical morphology according to
TEM (Fig. S3b). The CAC of this dendron was determined to be 98
pg/mL, which is of the same order of magnitude as its MIC. Therefore,
this suggests that the antimicrobial activity is related to the
self-assembly of this higher generation dendron [34].

In conclusion, the antimicrobial efficacy of these dendronized mac-
romolecules is governed by both the length of the alkyl chain and the
number of cationic moieties present. These molecular characteristics
influence the physicochemical interactions with bacterial membranes,
thereby modulating surface affinity and determining the overall effi-
ciency of bacterial adhesion and membrane disruption.

To elucidate whether the mechanism of action of the short alkyl
chain dendritic macromolecules (1-Gn), those that exhibited the highest
bactericidal activity, was directed towards the bacterial membrane via
electrostatic interactions, SEM images were taken on bacterial cells
before and after treatment with MICs for each compound. Remarkable
differences were observed in the cellular membranes of both bacterial
strains before and after treatment (Fig. 2). In untreated bacteria,
S. aureus exhibited a characteristic spherical morphology with smooth,
intact membranes, while E. coli showed the expected rod-shaped
morphology with undamaged membranes. In contrast, treated bacteria
exhibited severe membrane damage, including the appearance of sur-
face disruptions, dents, pore formation, and deformation of the typical
bacterial shape. The degree of morphological damage appeared corre-
lated with the antimicrobial activity observed in our prior assays, sug-
gesting that membrane disruption is one mechanism of antimicrobial
action for these linear-dendritic macromolecules, as previously reported
for other guanidinium-derived compounds [36]. The damage across
both Gram-positive and Gram-negative strains indicates a

Fig. 2. SEM images of S. aureus (top) and E. coli (bottom) before treatment and after treatment with MIC values of 1-G1, 1-G2, 1-G3 and 1-G4 compounds.
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broad-spectrum of antimicrobial action which represents a positive
outcome to reduce antimicrobial resistance and to initially treat un-
known infections and polymicrobial ones.

3.3. Cytotoxicity study

Given the importance of ensuring biosafety of antibacterial agents
toward eukaryotic cells, cytotoxicity studies of all the cationic linear-
dendritic macromolecules were performed in human dermal fibro-
blast, HaCaT human keratinocytes and J774A.1 mouse monocyte-
macrophages. According to the ISO 10993-5:2009 standard [51], a
medical device is deemed cytocompatible if it maintains cell viability
above 70 %. As shown in Fig. 3e-h, all long-chain dendritic compounds,
2-Gn, exhibited cytotoxicity at concentrations above 20 pg/mL. Given
that the MICs for both S. aureus and E. coli exceed these cytotoxic levels,
these compounds would not be suitable for antibacterial applications
that require preservation of mammalian cell viability. In contrast,
promising outcomes were observed when short-chain dendritic com-
pounds, 1-Gn, were evaluated in eukaryotic cells. Among these, both
1-G3 and 1-G4 dendrons displayed cytotoxicity at concentrations
equivalent to the MICs for both bacterial strains (100 and 10 pg/mL for
S. aureus and 20 and 5 pg/mL for E. coli, respectively), indicating limited
biocompatibility at therapeutically relevant antimicrobial doses (Fig. 3¢
and d). Notably, the 1-G2 dendron (Fig. 3b) demonstrated high cyto-
compatibility with the eukaryotic cell lines tested at its MIC value (2.5
pg/mL for both S. aureus and E. coli). Furthermore, 1-G2 maintained

(b)

@ Fibroblasts
@ HaCat
W@ Macrophages 1774

@@ Fibroblasts
B HaCat
@@ Macrophages 1774
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excellent cytocompatibility even at its MBC of 5 pg/mL for both strains,
suggesting that this antibiotic-like compound is a highly promising
candidate for antibacterial applications without compromising
mammalian cell viability. Finally, 1-G1 compound also showed good
cytocompatibility at MIC and MBC values for S. aureus (2.5 and 20
pg/mL, respectively). However, for E. coli, a reduction in cellular
viability was observed at the MBC (50 pg/mL), falling below the 70 % of
viability threshold, indicating some cytotoxicity at high concentrations.

According to the SI values calculated and presented in Table 2, the
dendritic compound 1-G1 is an effective, highly reliable, and safe therapy
against Gram-positive bacteria, as Table 2 shows the highest SI values.
This means that it would be therapeutically effective against S. aureus
infection but without affecting the viability of mammalian cells and it
could also be considered as an “antibiotic-like” compound selective for
Gram-positive bacteria. On the other hand, it is also worth noting that
compound 1-G2 is the only dendron that consistently exhibits SI values
greater than 1 across all evaluated cell lines. This clearly indicates that 1-
G2 retains its antimicrobial efficacy at concentrations that do not induce
significant toxicity in mammalian cells, reinforcing its antibiotic-like
behavior. In practical terms, 1-G2 is able to selectively target bacterial
cells while sparing host cells, demonstrating a desirable balance between
potency and safety. Therefore, the SI data strongly support the potential of
1-G2 as a promising antibacterial candidate with reduced risk of adverse
effects on mammalian cells, making it an attractive lead for further opti-
mization and in-depth preclinical evaluation.

Wl Fibroblasts
@@ HaCat
Bl Macrophages J774

Bl Fibroblasts
m HaCat
B8 Macrophages J774
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Fig. 3. Cytotoxicity and ICso values in human dermal fibroblasts, HaCaT human keratinocytes and J774A.1 mouse monocyte-macrophages of the cationic linear-
dendritic macromolecules: (a) 1-G1, (b) 1-G2, (c) 1-G3, (d) 1-G4, (e) 2-G1, (f) 2-G2, (g) 2-G3 and (h) 2-G4. Results are presented as mean + standard devia-
tion. At least three independent replicates were performed in triplicate. 100 % viability was assigned to untreated controls. Statistically significant differences
between the non-treated and treated cells (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001) are also depicted.
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Table 2

Selectivity index (SI) values for all dendrons against the different bacterial
strains (S. aureus and E. coli), calculated based on their ICsq values for each cell
line (human dermal fibroblasts, HaCaT human keratinocytes and J774A.1
mouse monocyte-macrophages). Values lower than 1 indicate poor selectivity,
meaning the compound is more toxic to mammalian cells than to bacteria.

Dendron Selectivity Index (SI)

S. aureus ATCC 25923 E. coli S17 (Gram-negative)

Fibroblasts HaCat J774 Fibroblasts HaCat J774
1-G1 229 4.7 21.5 2.9 <1 2.7
1-G2 3.1 4.1 3.4 1.5 2.0 1.7
1-G3 <1 1 <1 <1 <1 <1
1-G4 <1 <1 <1 <1 <1 <1
2-G1 <1 <1 <1 <1 <1 <1
2-G2 <1 <1 <1 <1 <1 <1
2-G3 <1 <1 <1 <1 <1 <1
2-G4 <1 <1 <1 <1 <1 <1

4. Conclusions

With orthogonal click chemistry, a series of bis-MPA based linear-
dendritic structures functionalized with peripheral cationic guanidi-
nium groups has been synthesized. This synthetic strategy allows for
easy access to cationic dendrons and facilitates the tuning of different
structural parameters from a single dendritic scaffold, such as the type of
focal aliphatic chain. The dendritic generation and length of the focal
aliphatic chain of these guanidinium-dendrons has a significant impact
on antimicrobial activity. The dendrons attached to the short alkyl
chains show superior bactericidal properties compared to those with
longer chains. Specifically, the second-generation dendron, 1-G2, owns
the most potent antimicrobial activity while maintaining high cyto-
compatibility with eukaryotic cell lines, likely due to an optimal number
of guanidinium groups and an adequate hydrophobic/hydrophilic bal-
ance. Moreover, the SI values clearly identify 1-G1 as the safest dendron
for the treatment of Gram-positive bacterial infections (S. aureus) and
the compound 1-G2 as the most promising candidate for Gram-positive
and Gram-negative associated infections, as it maintains antibacterial
activity at concentrations that remain non-toxic to mammalian cells.
Therefore, this dendritic structure has the potential to behave as an
antibiotic-like compound. Moreover, their non-selective mechanism of
antimicrobial action against both Gram-positive and Gram-negative
bacteria, targeting their membranes, is a promising feature to mini-
mize the risk of resistance development.
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