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A promising strategy to design safer and more effective cationic lipids for gene delivery with inherent anti-bacterial properties is to covalently tether a lipophilic 
moiety with oligomeric aminoglycosides (AGs), a large family of Gram-negative-active antibiotics. Herein, we reported the development of a new class of 
multicationic-head AG-based amphiphiles built on the tetramino-tetrahexyloxycalix[4]arene (4A4Hex-calix-calix[4]) scaffold. Three different conjugates, namely 
4A4Hex-calix-calix[4]-neomycin, -neamine, and -paromomycin, were syn-thesized and characterized. Due to the inherent multivalency of AGs and the amphiphilic 
behaviour, every 4A4Hex-calix-calix[4]-AG exhibited greater DNA binding ability than the gold standard transfectant 25 kDa bPEI and striking DNA packing ability. 
DNA/4A4Hex-calix-calix[4]-AG complexes at charge ratios (CRs, +/−) used for transfections displayed good colloidal stability, with a hydrodynamic diameters of 
≈150 nm and an overall surface charges of ≈+30 mV. DNA/4A4Hex-calix[4]-AGs nanoassemblies, everyone tested at the optimal CR, invariably showed good 
transfection efficiency in two cell lines, along with low-to-negligible cytotoxicity. Besides, DNA/4A4Hex-calix-calix[4]-AG complexes exhibited appreciable 
antimicrobial activity against Gram-negative bacteria, even greater than uncomplexed 4A4Hex-calix-calix[4]-AGs. Altogether, these results disclose 4A4Hex-calix[4]-
AGs as promising gene delivery tools with unique antibacterial properties.

1. Introduction

Since the first attempts to deliver exogenous nucleic acids (NAs), i.e. 
DNA or RNA, to mammalian cells by means of cationic lipids (CLs)
(Fraley et al., 1980) and polymers (Boussif et al., 1995; Wu and Wu, 
1987), gene delivery vectors have made significant strides forward. 
Although nowadays viral vectors are still the most employed vehicles in 
gene therapy applications, their safety and other issues related to costs 
of large scale production and quality control have steered the research 
towards alternative technologies that are synthetic carriers (vectors). In 
this context, non-viral gene delivery systems are extremely attractive 
and promising due to their ability to electrostatically bind, condense and 
protect the genetic material within a few tens to hundreds nan-ometer-
large particles, called lipoplexes and polyplexes for CLs and

cationic polymers respectively, that allow for their cell internalization 
and NAs activity (Candiani et al., 2010; Pezzoli et al., 2012).

Recent advances in nanotechnology and molecular synthesis have 
inspired much research on new chemical agents for NAs delivery to 
intended targets. One of the most successful approaches lies in the use of 
pre-constituted building blocks, such as dendrimers (Lee et al., 2005) 
and macrocyclic molecules, to design highly organized micro- and nano-
assemblies (Nimse and Kim, 2013; Rodik et al., 2014). In this scenario, 
calix[n]arenes are very promising due to their well-defined three-
dimensional (3D) architecture and their capacity to bear multiple 
moieties to interact with NAs (Mochizuki et al., 2015; Ortiz Mellet et al., 
2010; Rodik et al., 2015; Sansone et al., 2006). One of the most striking 
examples of this point is the work done by Ungaro’s group, who has for 
long time been working on calix[4]arenes. By way of
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Fig. 1. Synthesis of 4A4Hex-calix[4]arene-AG conjugates. Every AG was first functionalized with an isothiocyanate-teminated linker exploiting the less hindered
position. Then the isothiocyanate portion was reacted with the amino group of the upper rim of the 4A4Hex-calix[4]arene.



illustration, the conjugation of such macrocyclic molecules at their 
lower and upper rim with hydrophobic moieties, arginine clusters, and 
guanidino groups allowed a significant improvement of NAs con-
densation and delivery abilities of the resulting complexes (Bagnacani et 
al., 2013, 2012, 2008).

Besides, aminoglycosides (AGs), such as neomycin, kanamycin, 
paromomycin, are so attractive because of their inherent affinity for 
NAs, including bacterial and eukaryotic RNA and plasmids (pDNAs)
(Tor, 2003), and their structural variety and valency, that make them 
very interesting cationic moieties for gene vectors. Indeed, AGs are 
multifunctional compounds containing up to six amine groups and 
several hydroxyl groups, capable of electrostatically bind NAs. For this 
reason, oligomeric AGs have been already used to synthesize polymeric 
vectors (Chen et al., 2012; Huang et al., 2016; Miryala et al., 2015, 
2016) and in particular CLs with remarkably high gene delivery effi-
ciencies both in vitro than in vivo (Belmont et al., 2002; Chatin et al., 
2015; Desigaux et al., 2007; Le Gall et al., 2009; Mevel et al., 2012; 
Napoli et al., 2005; Sainlos et al., 2005; Zhang et al., 2013). It is worthy 
of note that AGs are a large family of antibiotics used in the treatment of 
Gram-negative infections (Fosso et al., 2014; Houghton et al., 2010). 
Taken together, these evidences support the idea that AGs can be pro-
ficiently used as a cationic head for the design of gene delivery vectors 
with antibacterial properties.

Drawing inspiration from our recent advances in the development of 
efficient vectors for gene delivery (Ghilardi et al., 2013; Sganappa et al., 
2017), we herein report the synthesis and characterization of a novel 
class of multicationic-head amphiphiles built on tetramino-tetra-
hexyloxycalix[4]arene (hereafter referred to as 4A4Hex-calix[4]), se-
lected on the basis of previous observations (Sansone et al., 2006), 
through the grafting of four units of three different AGs, namely neo-
mycin, neamine, and paromomycin, by means of isothiocyanate linkers 
at the upper rim of the calix[4]arene. The efficiency of AGs grafting on 
4A4Hex-calix[4] scaffolds was determined by 1H and 13C nuclear 
magnetic resonance (NMR). Besides, the DNA binding capacity together 
with the cytotoxicity and the transfection efficiency of such amphiphilic 
4A4Hex-calix[4]-AG derivatives were evaluated on two different cell 
lines and their antibacterial activity was evaluated as well.

2. Materials and methods

2.1. Materials and reagents

Neomycin sulfate was purchased from Fluorochem (Hadfield, UK), 
paromomycin sulfate was from Apollo Scientific Ltd. (Bredbury, UK), 
neamine was synthesized from neomycin as described in literature (Park 
et al., 1996). Spectra/Por dialysis bags (MWCO = 1 kDa) were from 
Spectrum Laboratories (Compton, CA, USA). 25 kDa branched 
poly(ethylenimine) (bPEI) was from Sigma-Aldrich (Milan, Italy).

HeLa (human cervix carcinoma) and U87-MG (human glioblastoma-
astrocytoma epithelial-like) cells were purchased from the American 
Type Culture Collection (ATCC, Manassas, VA, USA). AlamarBlue Cell 
Viability Assay was purchased from Life Technologies Italia (Monza, 
Italy), while BCA Protein Assay Kit was from ThermoFisher (Monza, 
Italy). pDNA encoding the modified firefly luciferase (pGL3-Control 
Vector, 5.2 kbp; hereafter referred to as pGL3) and Luciferase Assay 
System were obtained from Promega (Milan, Italy).

Escherichia coli DSM 3423 (E. coli JM109) were purchased from 
Leibniz Institute DSMZ-German Collection of Microorganisms and Cell 
Cultures (Braunschweig, Germany), while Sarcina lutea (S. lutea) ATCC 
9341 were from ATCC.

All the other chemicals were from Sigma-Aldrich, if not differently 
specified.

2.2. Synthesis of 4A4Hex-calix[4]-aminoglycosides 1–3: general procedure

Neat 4A4Hex-calix[4] was dissolved in DMSO and a solution of AG-

isothiocyanate linker (1.2 equivalent per NH2) in a minimal volume of 
DMSO was added (Fig. 1). The solution was stirred at 60 °C for 24 hrs, 
then dialyzed for 8 hrs against MeOH (the solvent reservoir was re-
newed 3 times, MWCO 1 KDa). The solution was evaporated under re-
duced pressure to give N-Boc-protected 4A4Hex-calix[4]-AG. After 1H 
NMR characterization, the resulting conjugates were dissolved in a 1:1 
mixture of trifluoroacetic acid (TFA)/dichloromethane (DCM) and 
stirred for 30 min at room temperature (r.t). The excess of TFA was 
stripped off under reduced pressure, the crude dissolved in deionized 
water (dH2O) and the solution dialyzed against dH2O. Lyophilization led 
to fluffy, white solid products, i.e. the 4AHex-calix[4]-AGs 1–3. 
Complete N-Boc deprotection occurred in all cases as evidenced by the 
spectra recorded. For the complete synthetic pathway refer to Fig. 1.

2.3. Preparation of transfectant solutions

Amphiphilic 4A4Hex-calix[4]-neomycin 1, 4A4Hex-calix[4]-nea-
mine 2, and 4A4Hex-calix[4]-paromomycin 3 were diluted in dH2O to a 
final concentration of 4.06 mg/mL, 5.2 mg/mL, and 5.2 mg/mL, re-
spectively, corresponding invariably to a final nitrogen concentration 
([N]) of 13 mM. 25 kDa bPEI was diluted in 10 mM HEPES to a final 
concentration of 0.86 mg/mL and a [N] = 20 mM, considering that there 
is one nitrogen per repeat PEI unit (-NHCH2CH2-, Mw = 43 Da)(Zhang et 
al., 2004).

2.4. Complexes preparation and evaluation of DNA complexation ability

pDNA was amplified, isolated, purified and diluted in 0.1 × TE buffer 
(1 mM Tris, pH 8; 0.1 mM EDTA) as previously described (Malloggi et al., 
2015).

Polyplexes were prepared at r.t. by mixing the aqueous solutions of 
pGL3 to amphiphilic 4A4Hex-calix[4]-AGs at the desired lipid con-
centration, yielding different charge ratios (CRs, +/−) and a final DNA 
concentration of 20 ng/µL. CR is defined as the number of amines (N, 
cationic) of the AG which is used to complex the phosphate groups (P, 
anionic) of a given quantity of DNA (i.e. cationic vs. anionic charge 
ratio). pDNA/4A4Hex-calix[4]-AG complexes were prepared in dH2O 
and incubated for 20 min at r.t. prior to use.

The DNA complexation ability of every 4A4Hex-calix[4]-AG con-
jugate was monitored by a fluorophore-exclusion titration assay. For 
each condition, 0.12 µg of pDNA in 2.4 µL of 20 × SYBR Green I (λex = 
497 nm, λem = 520 nm) were added to 3.6 µL of CL solutions at different 
concentrations. Afterwards, lipoplexes were incubated for 20 min at r.t., 
then diluted 1:5 (v/v) in dH2O. Fluorescence measure-ments (n = 3 per 
condition) were performed with a GENios Plus Reader (Tecan, Segrate, 
Italy) in 384-well black plates. Data are expressed as relative 
fluorescence normalized to the fluorescence of uncomplexed pDNA.

2.5. Measurement of size and zeta-potential of complexes

The hydrodynamic diameter (DH) and the zeta potential (ζP) of the 
lipoplexes were measured at 25 °C by Dynamic Light Scattering (DLS) 
and Laser Doppler micro-electrophoresis using a Malvern Zetasizer Nano 
ZS instruments (Malvern, Italy), fitted with a 5 mV HeNe laser (λ = 633 
nm) and a scattering angle of 173°. Fifty µL of complexes containing 1 µg 
of pDNA were prepared as described above, incubated for 20 min at r.t. 
then diluted 1:9 in dH2O. Samples were equilibrated for 5 min at 25 °C 
prior the measurement.

2.6. In vitro cells transfection experiments

2.6.1. Cell cultures
Mycoplasma-free HeLa and U87-MG cells were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM) containing 1 mM sodium pyruvate, 10 
mM HEPES buffer, 100 U/mL penicillin, 0.1 mg/mL



+

where N is the number of Colony Forming Units (CFU) specific to every
compound.

2.8. Statistical analysis

Statistical analysis was carried out by GraphPad version 6
(GraphPad software, La Jolla, CA, USA). All data were initially analyzed
using D’Agostino & Pearson omnibus normality test. Comparisons
among groups were performed by multiple t-test. Significance was re-
tained when p < 0.05. Data are expressed as mean ± standard de-
viation (SD). Experiments were performed at least in triplicate.

3. Results and discussion

CL-based gene delivery (lipofection) was one of the earliest ways
used to introduce exogenous genetic materials into mammalian cells 
(Felgner et al., 1987). Basically, CLs are attractive delivery vehicles 
because they can be easily synthesized, functionalized and formulated 
with co-lipids to increase their transfection efficiency and decrease their 
cytotoxicity. In general, CLs comprise three basic domains that are the 
cationic head(s), the hydrophobic group(s), and the linker moiety te-
thering polar and hydrophobic moieties (Pezzoli and Candiani, 2013). In 
this context, a number of lipid vectors have been developed so far 
through the proper design and the combination of such structural do-
mains (Martin et al., 2005).

Herein, we propose the synthesis of a class of CL vectors relying on 
the use of a suitably decorated calix[4]arene macrocycle scaffold. A 
previous study by Bagnacani and coworkers (Bagnacani et al., 2013) 
showed that calix[4]arenes tethered with a six-carbon lipophilic chain to 
the lower rim were extremely effective in transfecting a variety of cell 
lines. Taking a clue from this study, we propose the synthesis of a novel 
class of lipid vectors displaying a (lipophilic) hydrophobic do-main 
consisting of 4A4Hex-calix[4] scaffold. Besides, multivalent CLs do 
generally display enhanced NAs binding and delivery abilities as 
compared to the monocationic counterparts (Bhattacharya and Bajaj, 
2009). As we have proficiently used AGs as polar heads of polycationic 
vectors (Ghilardi et al., 2013), we did tether the calix[4] macrocyclic 
scaffold with AG headgroups, namely neomycin, neamine and par-
omomycin.

3.1. Synthesis and characterization of 4A4Hex-calix[4]-AG derivatives

The synthetic strategy used to graft 4A4Hex-calix[4] is well estab-
lished in our laboratory (Ghilardi et al., 2013), and relies on the reac-
tion between the AG modified with the isothiocyanate-terminated linker 
and the amine at the upper rim of 4A4Hex-calix[4]. In order to 
selectively functionalize neomycin, we exploited the presence of only 
one, less hindered primary hydroxyl group in the molecular skeleton. 
Accordingly, neomycin B 4 was treated with Boc2O and the resulting 
Boc-protected neomycin reacted with triisopropyl sulfonyl chloride 
producing the selective formation of intermediate 5 in good yields (Fig. 
1A). Substitution with thioethanolamine followed by coupling with 
hexynoic acid lead to the formation of propargylic derivative 6. Finally, 
click reaction between 6 and azido-linker 7 (for the synthesis, see 
Supporting Information) bearing the needed isothiocyanate func-tional 
group produced in good yields aminoglycoside 8, which was reacted 
with 4A4Hex-calix[4] in DMSO at 60 °C in order to maximize the degree 
of grafting, yielding 4A4Hex-calix[4]-AG 1. Instead, for the 
functionalization of neamine 9 and paromomycin 10 we exploited the 
presence in their skeleton of only one, less hindered aminomethylene 
moiety which reacts smoothly with activated p-nitrophenyl ester 11 (for 
the synthesis, see Supporting Information) giving rise to the formation of 
intermediates 12, 13, respectively, followed by protection of the 
remaining amines with Boc2O (Fig. 1B for neamine and Fig. 1C for

streptomycin, 2 mM glutamine and supplemented with 10% (v/v) fetal 
bovine serum (FBS) (hereafter referred to as complete culture medium, 
cDMEM) in a humidified atmosphere under constant supply of 5% CO2 

and at 37 °C (hereafter referred to as standard culture conditions).

2.6.2. In vitro cells transfection
Cells were passaged 24 h before plating in 96-well plates at a density 

of 2 × 104 cells/cm2 and maintained in standard culture conditions. 
Twenty-four hrs after seeding, 160 ng/well of pGL3 were complexed in 
dH2O with 4A4Hex-calix[4]-AG solutions to yield different CRs, as 
described herein above, and cells were incubated with complexes in 
100 µL/well of cDMEM under standard culture conditions for further 
24 hrs. Cells transfected with 25 kDa bPEI/DNA complexes at varying 
CRs were used as the internal reference.

Twenty-four hr-post transfection, cytotoxicity was evaluated by 
means of AlamarBlue assay according to manufacturer’s instructions. 
Briefly, medium was removed and each well was loaded with 100 µL of 
cDMEM containing 1 × resazurin dye. Cells were next incubated in 
standard culture conditions for 2 hrs, then the fluorescence of the 
medium was read with a GENios Plus reader (Tecan, Italy)
(λex = 540 nm; λem = 595 nm). Viability of untransfected cells (CTRL) 
was assigned to as 100% and cytotoxicity was determined as follows:

Cytotoxicity[%] 100%= −Viability[%]

Transfection efficiency was evaluated measuring the luciferase ac-
tivity by means of the Luciferase Assay System, according to manu-
facturer’s instructions. Briefly, cells were washed with phosphate buf-
fered saline (PBS) and lysed with 110 µL/well of Cell Culture Lysis 
Reagent (Promega, Italy). Following a freeze-thawing cycle to improve 
cell disruption, 20 µL of cell lysates were mixed with 50 µL of Luciferase 
Assay Reagent and luminescence was measured by means of a GENios 
Plus reader. The luminescence signal (expressed as relative light units, 
RLU) of each sample was normalized to its protein content, determined 
by BCA assay and data are expressed as RLU/mg of proteins.

2.7. Antimicrobial activity of calix[4]-AGs

E. coli JM109 and S. lutea bacterial strains were pre-cultured in 5 mL 
of Luria-Bertani broth at 37 °C under shaking at 130 rpm for 20 hrs, 
until reach an optical density at λ = 600 nm (OD600nm) ≈ 1, corre-
sponding to ≈109 bacteria/mL. Bacterial suspensions were then diluted 
to obtain a final concentration of ≈106 bacteria/mL, hereafter used as 
the test inoculum. Afterwards, bacterial suspension (50 µL/well) were 
inoculated in 96-well plates at a density of 1.5 × 105 bacteria/cm2 in 
50 µL/well of LB containing pDNA/4A4Hex-calix[4]-AGs complexes 
prepared as described hereinabove or uncomplexed (i.e. DNA-free) 
4A4Hex-calix[4]-AGs solutions (prepared at the same lipid concentra-
tion used to complex pDNA), and incubated at 37 °C for 24 hrs. Bacteria 
inoculated in 50 µL/well of LB were used as positive controls (CTRL+) 
for bacterial growth (Yadav et al., 2014), while bacteria inoculated in 50 
µL/well of free AGs solution (i.e. neomycin, neamine, paramomycin at 
different AG concentrations) and 4A4Hex-calix[4] were used as in-ternal 
references. The antibacterial efficacy of every compound was evaluated 
by means of both indirect (i.e. turbidity – OD600nm mea-surements) 
(Chen et al., 2012; Huang et al., 2016; Zimmermann et al., 2013) and 
direct (i.e. plate count) methods, according to the ISO 10932:2010 (E) 
norm and Taylor et al. (1983). The MIC90 was as the lowest 
concentration (or CR) of every compound that reduced the OD of the 
inoculum by 90% within a 24 hr-incubation with respect to the CTRL+ 

(Hu et al., 2017). Briefly, 24 hrs after inoculation, the OD600 nm of each 
well (n ≥ 3 per compound) was read by means of a Sunrise microplate 
reader (Tecan, Italy). The number of viable bacteria was next counted on 
LB-agar Petri dishes after serial 10-fold dilutions of the bacterial 
suspensions and plating. Briefly, for every compound, wells displaying 
an OD600 nm across the minimum were plated. The bacterial reduction 
was calculated according to the following equation:

antibacterial reduction [%] [1= −(Ncompound NCTRL )] × 100



paromomycin). Following the same synthetic strategy, propargylic-
functionalized aminoglycosides 12, 13 were submitted to click reaction 
with azido-linker 7 producing the corresponding isothiocyanate-func-
tionalized aminoglycosides 14, 15, which were reacted with 4A4Hex-
calix[4] giving rise to the formation of 4A4Hex-calix[4]-AG 2 and 3, 
respectively.

The conjugates were next characterized through 1H and 13C NMR 
(see Supplementary Information, Figs. S1–S6). Specifically, the effi-
ciency of AG grafting on the 4A4Hex-calix[4] scaffold was determined 
by 1H NMR. In the spectra of 4A4Hex-calix[4]-AG 3, reported as typical 
example in Fig. 2, it is evident the characteristic protons of the triazole 
at 8.1 ppm, the signals of the three anomeric protons of the AG between 
5.3 and 5.9 ppm and the broad singlet of the methyl groups of the 
terminal hexyl moiety of calix around 1.0 ppm. Their integrations are 
respectively 4H for each anomeric proton and 12H. This confirms that 
each amino group of the 4A4Hex-calix[4] was covalently functionalized 
with an AG. Besides, the aromatic protons of the calix[4]arene result in 
broad resonances, most likely due to the formation of high molecular 
weight aggregates and/or for the resonance between the aromatic rings 
and the thiourea groups. The fact that the ratio between the integra-
tions of the signals belonging to the protons of the AGs and the calix is 
4:1, together with the fact that the signals of the anomeric protons do 
not present any side peaks belonging to the free AG indicates that the 
conjugates 1–3 are pure and that the excess of the free aminoglycosides 
used in the “click” isothiocyanate/amine reaction was completely re-
moved by dialysis.

3.2. Biophysical properties of pDNA/4A4Hex-calix[4]-AGs

The formation of lipoplexes has known to be driven by electrostatic 
interactions between the cationic moieties of the transfectant and the 
anionic phosphates of NAs, leading to the charge neutralization and the 
compaction of polynucleotides (Lucotti et al., 2014; Mintzer and 
Simanek, 2009). Accordingly, one of the key requirements of an effi-
cient gene delivery vector lies on its ability to effectively bind and 
condense NAs. We thus evaluated the ability of every 4A4Hex-calix[4]-
AG derivative to complex pDNA as a function of N-to-P (+/−) ratio 
(CR). In fluorophore exclusion titration assay (Fig. 3A), 4A4Hex-calix 
[4]-AGs invariably exhibited a maximal complexation ability at

CR ≥ 1.5. This means that they have higher affinity for NAs if com-
pared with the gold standard 25 kDa bPEI, which exhibited a maximal 
complexation at CR ≥ 3. A reason for such strong interactions with NAs 
can be ascribed to multivalent binding sites, due to the presence of four 
AGs (Wang and Tor, 1997), and to the clustering of the binders on the 
rigid scaffold calix[4]arene.

We have recently pointed out a strict relationship between the di-
mensions of gene delivery complexes and their transfection efficiency 
(Pezzoli et al., 2017). Besides, the surface charge of complexes is con-
sidered as an essential factor affecting their biological fate as well 
(Mintzer and Simanek, 2009). In this context, we evaluated the physico-
chemical properties of 4A4Hex-calix[4]-AG lipoplexes, i.e. their average 
DH and ζP, at varying CRs. Since physico-chemical properties of 
complexes are highly dependent on the CR (i.e. the transfectant-to-
pDNA ratio), in this study a wide range of CR was considered, in order to 
find out the lowest ratio at which DNA was condensed into small and 
weakly cationic particles. As reported in Fig. 3B–E, every ζP curve 
displayed a sigmoidal shape as a function of CR. Very interestingly, the 
charge-inversion point (0 mV) did correspond to the CR at which 
maximal complexation occurred for all the 4A4Hex-calix[4] deriva-
tives. Conversely, the DH profile of every 4A4Hex-calix[4]-AG deriva-
tive was fairly constant at CR ≥ 5. It is worthy of note that all pDNA/ 
4A4Hex-calix[4] lipoplexes displayed similar DH (≈150 nm) and ζP 

(≈25 ÷ 40 mV) at 5 ≤ CR ≤ 80 (p > 0.05 for every derivative series). 
Nevertheless, derivatives 2- and 3-based assemblies displayed high DH at 
CR 80, although not significantly greater than those at other CRs (CR 80 
vs. CR 10-20-40; p > 0.05 for all). The DH and ζP profiles of bPEI/DNA 
complexes were similar to those of 4A4Hex-calix[4]-AGs 1–3.

The ability of 4A4Hex-calix[4]-AG derivatives to effectively bind the 
DNA, together with their biophysical behavior similar to those of the 
gold standard bPEI, prompted us to challenge cells in vitro with such 
vectors.

3.3. In vitro transfection of pDNA/4A4Hex-calix[4]-AGs

To investigate the influence of biophysical properties of pDNA/ 
4A4Hex-calix[4]-AG lipoplexes on the gene delivery behavior, we 
evaluated their transfection effectiveness at varying CRs. Besides phy-
sico-chemical properties, biological activity of complexes is highly

Fig. 2. Representative 1H NMR spectra. 1H
NMR spectra of: 1) 4A4Hex-calix[4]arene-
paramomycin conjugate 3 (recorded in
D2O), 2) 4A4Hex-calix[4]arene (recorded in
MeOD) and 3) free paromomycin (recorded
in D2O). The spectrum of the 4A4Hex-calix
[4]arene-paramomycin 3 displays the three
anomeric protons (spectrum 1, red rec-
tangle) belonging to paromomycin (spec-
trum 3, blue rectangle) and the terminal
methyl groups of the 4A4Hex-calix[4]
(spectra 1 and 2, arrows) confirmed that the
functionalization occurred. (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the web
version of this article.)



dependent on the CR as well. Accordingly, we tested lipoplexes pre-
pared over a wide range of CR to find out the minimal ratio to attain 
high gene expression and low cytotoxicity. Since bPEI is a gold standard 
transfectant (Boussif et al., 1995; Malloggi et al., 2015; Mintzer and 
Simanek, 2009; van Gaal et al., 2011), for the sake of comparison, bPEI/
DNA complexes were herein used as the reference (Fig. S7). pGL3 en-
coding the firefly luciferase was used to check the transfection effi-
ciency in two extensively used cell lines, namely HeLa and U87-MG cells 
(van Gaal et al., 2011). As expected, the transfection profiles of 4A4Hex-
calix[4]-AG derivatives 1–3 were strongly dependent on the CR (Fig. 4A 
and B). More into detail, amphiphilic derivative 1 exhibited the highest 
transfection efficiency in both cell lines at CR 20, while 4A4Hex-
calix[4]-neamine conjugate 2 and -paromomycin conjugate 3 did 
display a different CR-dependent and cell-dependent transfection 
behavior. Indeed, derivative 2 was more effective at CR 20 and 40 when 
used to transfect HeLa and U87-MG cells, respectively. Derivative 3, 
instead, did show higher transfection levels at CR 80 and 20, in HeLa 
and U87-MG cells, respectively. Most important, it is worth noting that 
every derivative, when tested at each respective optimal CR, invariably 
exhibited similar or even greater transfection efficiency than the gold 
standard 25 kDa bPEI used in the most effective conditions, that were CR 
10 and CR 40 for HeLa and U87-MG cells, respectively (Fig. 4). Yet, 
without exception, pDNA/4A4Hex-calix[4]-AG lipoplexes exhibited 
very low toxicity on HeLa cells, close to that of bPEI-based complexes

(p > 0.05) (Fig. 4C). Similar results were found with U87-MG cells as 
well, even though slightly greater cytotoxicity levels were found as 
compared to HeLa cells (Fig. 4D).

From a general point of view, we found no strict relationship be-
tween the physico-chemical features (i.e. DH and ζP) and the transfec-
tion efficiency of pDNA/4A4Hex-calix[4]-AG derivatives. In fact, even 
though different lipoplex types displayed similar size and surface 
charge, the different surface chemistry of each specific assembly might 
account for some differences in transfection.

Overall, gene delivery studies highlight the pretty good transfection 
properties and low cytotoxicity of amphiphilic 4A4Hex-calix[4]-AG 
derivatives. Interestingly, such remarkable results were obtained with 
pure 4A4Hex-calix[4]-AG, therefore without the inclusion of any helper 
lipids in lipoplex formulations. Indeed, a lipid adjuvant, such as the 
neutral phospholipid dioleoylphosphatidylethanolamine (DOPE), is 
sometimes used to substantially improve the transfection efficiency of 
CLs (Bagnacani et al., 2013; Candiani et al., 2010; Zuhorn et al., 2002). 
This underlines the inherent gene delivery efficacy of this novel class of 
cationic amphiphiles.

3.4. Antibacterial properties of 4A4Hex-calix[4]-AG derivatives and 
pDNA/4A4Hex-calix[4]-AGs

An important feature sometimes undervalued or ignored by

Fig. 3. DNA complexation ability and phy-
sico-chemical characterization of 4A4Hex-
calix[4]arene-AG conjugates 1–3 vs. 25 kDa
bPEI. A) Comparative DNA complexation
ability of 4A4Hex-calix[4]arene-neomycin 1
(black circle and solid line), 4A4Hex-calix
[4]arene-neamine 2 (red circle and solid
line), 4A4Hex-calix[4]arene-paromomycin
3 (blue square and dotted line), evaluated
by monitoring the fluorochrome exclusion
from complexes as a function of charge ratio
(CR, +/-). Mean hydrodynamic diameter
(DH; black circle and solid line) and overall
charge (ζP; red square and dotted line) of B)
4A4Hex-calix[4]arene-neomycin 1, C)
4A4Hex-calix[4]arene-neamine 2, D)
4A4Hex-calix[4]arene-paromomycin 3 and
E) 25 kDa bPEI, measured by Dynamic Light
Scattering (DLS) and Laser Doppler micro-
electrophoresis. Results are expressed as
mean ± SD (n=3). (For interpretation of
the references to colour in this figure le-
gend, the reader is referred to the web ver-
sion of this article.)



fundamental scientists but receiving considerable attention from clin-
ical investigators is the desired side antibacterial effect of medicinal 
drugs, especially when diseases associated with immunosuppression, 
such as certain types of cancer, are treated. We hypothesized that 
4A4Hex-calix[4]-AGs, found to be effective as gene delivery agents, 
would also be suited to this purpose. It is worthy of note that, AGs are a 
group of clinically relevant antibiotics, which function through the 
binding to the 30S subunit of ribosomes. In turn, this perturbs the 
elongation of the nascent protein chain by impairing the proofreading 
process controlling translational accuracy. The use of AGs as potential 
antiviral (HIV) agents has also been reported (Zhou et al., 2007). On the 
other hand, calix[n]arenes have been extensively used in the last few 
years as molecular platforms to attach binding moieties for the selective 
recognition of molecular species (Nimse and Kim, 2013). Due to their 
three-dimensional architecture and the possibility to be specially teth-
ered with different groups at their lower and upper rim, calix[n]arenes 
are well suited to engage in multivalent interactions, allowing these 
compounds to possibly interfere with the function of critical bacterial 
virulence determinants. In these context, several pharmacological 
properties, including antibacterial (Casnati et al., 1996), antifungal, and 
antiviral activities of calix[n]arene derivatives have been already 
reported in literature (Colston et al., 2004).

We therefore tested and compared the potential antimicrobial ac-
tivity of 4A4Hex-calix[4]-AG conjugates 1–3, used as aqueous (lipid) 
solutions and in the form of suspensions of pDNA/4A4Hex-calix[4]-AG 
complexes, and compared their performances to those of free AGs and 
the 4A4Hex-calix[4] lipophilic scaffold.

The antibacterial activity of such free molecules and particles were

tested against Gram-negative E. coli and Gram-positive S. Lutea bac-
teria, which are part of the human flora (E. coli are found in gut mi-
crobiota, while S. lutea may be found in the skin and large intestine). In 
solution, 4A4Hex-calix[4]-neomycin derivative 1 displayed the stron-
gest antibacterial activity as it was largely more effective in inhibiting 
Gram-negative E. coli growth with respect to the 4A4Hex-calix[4]-
neamine 2 and the 4A4Hex-calix[4]-paromomycin molecule 3 (Fig. 5). It 
is worth noting that the antibacterial activity of 4A4Hex-calix[4]-AGs 
was not affected by their association with pDNA, as previously pointed 
out by Kichler and colleagues for other transfectants (Kichler et al., 
2003). In our hands, the antibacterial efficiencies of 4A4Hex-calix[4]-
AGs complexed with pDNA were even greater than the same derivatives 
in solution (DNA-free lipids), but were slightly less active against E. coli 
than the corresponding free AGs (Fig. 5). Indeed, for derivative 1-based 
lipoplexes, the MIC90 was found at CR 40 (corresponding to 9.4 µg of 
Neomycin per mL) (Fig. 5A), with a bacterial reduction of ≈100%(plate 
count method, Table 1), while its free lipid counterpart displayed a 
bacterial reduction of 76% at the same lipid concentration. For de-
rivative 3, lipoplexes and free lipid showed a 100% bacterial reduction 
at its MIC90, that is at CR 80 (corresponding to an AG concentration of 
28.2 µg/mL). On the other hand, Neomycin and Paromomycin, tested as 
free AGs, displayed the MIC90 at ≈4 µg/mL, a slightly lower con-
centration with respect to their conjugated counterparts (Figs. 5A and C 
and Fig. S8A and C), while 4A4Hex-calix[4] lipophilic scaffold alone 
was roughly ineffective (Fig. 5D). Of note, it is evident that 4A4Hex-
calix[4]-AG conjugates hide in a sort of way the antimicrobial potential 
of free AGs. Specifically, derivatives 1 and 3 exerted a strong anti-
bacterial effects at CR ≥ 20 (Table 1) while, irrespective of the

Fig. 4. Transfection efficiency and cytotoxicity and of 4A4Hex-calix[4]arene derivatives in HeLa and U87-MG cells. Comparative transfection efficiency of complexes
prepared by mixing pGL3 with 4A4Hex-calix[4]arene-AG derivatives 1–3 at different charge ratios (CRs, +/−) and 25 kDa bPEI, expressed as luminescence signal
(RLU) normalized to the total protein content in each cell lysate: A) HeLa cells; B) U87-MG cells. Cytotoxicity of the aforementioned complexes on C) HeLa and D)
U87-MG cells. Results are expressed as mean ± SD (n≥ 3) (*p < 0.05 vs. 25 kDa bPEI).



Fig. 5. Antibacterial activity of 4A4Hex-calix[4]arene derivatives in solution and pDNA/4A4Hex-calix[4]-AG assemblies against Gram-negative E. coli. Complexes
were prepared by mixing pDNA with 4A4Hex-calix[4]arene-neomycin 1 (A), -neamine 2 (B), and -paromomycin 3 (C) at different charge ratios (CRs, +/−), and
25 kDa bPEI (D). Data are expressed as mean absorbance (OD600 nm) ± SD (n≥ 3). Free AGs, namely neomycin (A), neamine (B), paromomycin (C), and 4A4Hex-
calix[4]arene lipophilic scaffold (D) were used as internal references.



complexation with DNA, derivative 2 (and PEI as well) was found to be 
ineffective against E. coli (Fig. 5B and D). Of note, the MIC90 of Neamine 
was found at 32 µg/mL (Supplementary Information, Fig. S8B), there-
fore the lack of antibacterial properties cannot be ascribed to the in-
effectiveness of the AG per se, but may relay on the conjugation of the 
antibiotic and the 4A4Hex-calix[4] scaffold. These data about the MIC of 
free AGs are in good agreement with the literature (Hu et al., 2017; 
Zimmermann et al., 2013).

We evaluated the antibacterial activity of 4A4Hex-calix[4]-AG de-
rivatives also against Gram-positive bacteria. We found a mild effect of 
such compounds against S. lutea (see Supplementary Information, Fig. 
S9), and it was not particularly surprising because parent AGs are known 
to be mostly effective against Gram-negative bacteria (Dworkin, 1999; 
Mingeot-Leclercq et al., 1999; Vakulenko and Mobashery, 2003).

Altogether these results disclosed 4A4Hex-calix[4]-AG derivatives 1 
and 3 as potential antimicrobials against Gram-negative bacteria, 
especially when complexed with DNA. Besides, since in every conjugate 
the AGs were found to be covalently bound to the 4A4Hex-calix[4] as 
shown by NMR analysis (which means that no free AG is detectable), 
the antibacterial activity displayed by 4A4Hex-calix[4]-AG as free li-
pids and their relative lipoplexes can be ascribed to the compounds 
themselves rather than to the presence of some free AGs. Indeed, due to 
their cationic nature, 4A4Hex-calix[4]-AG derivatives 1 and 3 did dis-
play antimicrobial properties, probably because of the interactions 
happening with the bacterial wall, as reported for other bioactive 
chemicals (Carmona-Ribeiro and de Melo Carrasco, 2013).

Taken together, these data disclose 4A4Hex-calix[4]-AGs as effec-
tive gene delivery tools with inherent antibacterial properties.

4. Conclusion

We have herein reported the synthesis and characterization of a
novel class of multivalent CLs through the tethering of the upper rim of
the 4A4Hex-calix[4] scaffold with three different AGs, namely neamine,
neomycin, and paromomycin. 4A4Hex-calix[4]-AG derivatives 1–3 did
induce very effective DNA complexation, as demonstrated by the
fluorophore exclusion assay, thus giving rise to nano-assemblies
(DH≈ 150 nm) with superior transfection efficiencies in vitro and weak
cytotoxicity on HeLa and U87-MG cells. Besides, these nano-assemblies
displayed inherent antimicrobial activity against Gram-negative (E.
coli) bacteria.

In order to provide more insight into the structure–activity re-
lationship, further studies will aim to elucidate the mechanisms in-
volved in cellular uptake and intracellular trafficking of this class of
multivalent and multifunctional gene delivery vectors and to shed light
on their mode of actions against Gram-negative bacteria.

Altogether, these findings highlight the potential of 4A4Hex-calix 
[4]-AGs assemblies as efficient multifunctional carries capable of deli-
vering NAs and blunting Gram-negative bacterial infections at once.
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