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HIGHLIGHTS GRAPHICAL ABSTRACT

o Silver nanoparticles (NewAgNPs®) were
made from honey into liposomes
(Cassyopea®).

e Cassyopea® preserves the properties of
NewAgNPs® acting as reactor and
carrier.

e NewAgNPs® in solution and inside
Cassyopea® were successfully tested
against bacteria.

ARTICLE INFO ABSTRACT

Keywords: In this work we introduce supramolecular aggregates named Cassyopea®, acronym of combined and sustainable
SFStainabﬂitY synthesis of payload-enriched aggregates from the method used for their preparation. Herein, Cassyopea® were
Liposomes described as reactors and carriers for silver nanoparticles (AgNPs) obtained from honey according to eco-friendly

Silver nanoparticles conditions. Spherical, monodisperse, and negatively charged NewAgNPs®, acronym of natural ecosustainable way

Ar?:li;};cterial AgNPs, having a mean size of 30 nm and high stability over time were prepared in aqueous solution. The suc-
Nanotechnology cessful synthesis of NewAgNPs® inside Cassyopea® was demonstrated by UV-vis spectroscopy, emission scan-

ning electron microscopy (FE-SEM) and energy-dispersive X-ray (EDX) analysis. The protective effect of
Cassyopea® on NewAgNPs® against the oxidation induced by Hy05 was kinetically determined in the Fenton-
like reaction suggesting that the investigated nanoparticles tend to be located in the aqueous core of the
investigated aggregates. Furthermore, microbiological assays revealed the tendency of Cassyopea® to preserve
the biological activity of NewAgNPs® against Gram-positive and Gram-negative bacteria. The preparation of
silver nanoparticles directly into supramolecular aggregates instead of their loading in preformed state is un-
precedented, and the data reported for NewAgNPs® and Cassyopea® highlight promising applications in
nanotechnology.
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1. Introduction

Liposomes are spherical supramolecular aggregates from phospho-
lipids in aqueous solution extensively investigated as model membranes
and drug delivery systems due to their composition and ability to
incorporate hydrophilic compounds into the aqueous core and hydro-
phobic compounds into the lipid bilayer as guest [1-3]. Interestingly,
the structural and chemical properties of these aggregates, including
size, membrane integrity, microviscosity, and encapsulation efficacy
may depend on the method of preparation, the presence and nature of
guest molecules, and the charge of the lipid headgroup [4-11]. In most
cases, liposomes revealed therapeutic effect for themselves, so that they
could not be considered only as carriers for drug delivery [12,13].

Combination of supramolecular aggregates and metal nanoparticles
was recently reported for theragnostic applications [14] and efficient
biological activity was demonstrated in the case of liposomes loading
silver nanoparticles [15-18]. Among the noble metals, silver nano-
particles (AgNPs) offer unique properties by which their range of
application includes textile engineering, wound dressings, cosmetics,
electronics, disinfectants, optical nanostructures, nanofluids and su-
pramolecular nanomaterials [19,20]. For their well-known versatility
AgNPs can be found into cosmetics, healthcare, everyday products and
in the last years their commercial production has been continuously
growing due to their efficacy mainly as antimicrobial, antiviral, and
fungicidal agents. Moreover, the biodistribution and toxicity were also
deeply investigated [21,22].

Generally, the use of AgNPs depends on their size and shape and may
be optimized by adding stabilizers during the synthesis to prevent the
self-aggregation [23-27]. Different methods of preparation based on
chemical, physical and biological strategies can be adopted, including
photochemical process and laser ablation. However, the most common
synthesis of AgNPs consists of the chemical reduction of silver ions,
which occurs in the presence of a reducing agent such as sodium boro-
hydride, sodium citrate or ascorbate, N,N-dimethylformamide, and
formamide. The most used stabilizers are polyvinylpyrrolidone and
citrate added to the metal salt solution during the reaction to coat the
silver surface and avoid the nanoparticle aggregation. The main limits of
the chemical reduction consist of the processing of the organic reagents
after the synthesis of the AgNPs and the interactions between the
capping agents and the electrolytes dissolved in aqueous solution [28,
29].

Recently, a series of eco-friendly approaches was proposed to
generate spherical and monodisperse silver nanoparticles starting from
plant extracts, microorganisms, or organic waste [30-34] by which
natural compounds promote the reduction of Ag™ ions into metallic Ag®
and avoid the addiction of stabilizers and coating agents [35,36].

The honey-mediated synthesis of silver nanoparticles represents one
of the most green and fast method to obtain AgNPs with controlled size
and efficient biological activity [37-39]. Interestingly, supramolecular
formulations based on the encapsulation of honey and derivatives
demonstrated excellent properties [40,41] nevertheless these systems
are still marginally reported. To the best of our knowledge the
honey-assisted synthesis of AgNPs directly into liposomes was not pre-
viously proposed and the association of liposomes, honey and silver in
the investigated conditions is unprecedented.

The aim of our work has been the synthesis of silver nanoparticles
from honey according to a natural ecosustainable way (NewAgNPs®) in
aqueous solution and inside biocompatible liposomes named Cassyo-
pea®, acronym of combined and sustainable synthesis of payload-enriched
aggregates from the method used for their preparation.

Cassyopea® may preserve the properties of the investigated nano-
particles, facilitate their administration, and enhance their applications
acting both as reactor and carrier. The easy and not-expensive experi-
mental conditions, the high versatility and reproducibility represent
some of the most remarkable advantages of the proposed aggregates.

Different techniques as UV-vis spectroscopy, dynamic light
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scattering, zeta potential, field emission scanning electron microscopy
(FE-SEM), energy-dispersive X-ray spectroscopy (EDX) were employed
to characterize the NewAgNPs® and the Cassyopea® samples. More-
over, the Fenton-like reaction of the dissolution of metallic silver
induced by hydrogen peroxide and the microbiological assays on
selected Gram-positive and Gram-negative bacteria were performed to
demonstrate the effect of Cassyopea® on the stability and the antibac-
terial activity of NewAgNPs®. To the best of our knowledge the direct
synthesis of silver nanoparticles from honey inside the supramolecular
carrier instead of their loading as preformed AgNPs is reported for the
first time and could contribute to the field of supramolecular chemistry
combined with nanotechnology.

2. Experimental section
2.1. Materials

Silver nitrate (AgNOs3) 0.01 M purity 99.5% was purchased from
Honeywell-Fluka; 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC)
purity > 99% was purchased from Sigma-Aldrich. Italian Acacia honey
was purchased directly from the beekeeper and used without further
purification; hydrogen peroxide (H202) 30% was purchased from
Sigma-Aldrich. All samples were diluted with Milli-Q water.

2.2. Preparation of NewAgNPs® and Cassyopea® samples

The synthesis of silver nanoparticles was performed by gradually
mixing an aliquot of AgNO3 0.01 M to an aliquot of 1% Acacia honey
aqueous solution at basic pH under stirring at room temperature until
the color of the solution turns into the intense yellow. The silver con-
centration in the NewAgNPs® sample diluted to neutral pH corresponds
to 2.5 x107° M.

The Cassyopea® aggregates used in this work consists of POPC large
unilamellar vesicles prepared by hydration of the phospholipidic film
followed by extrusion according to the method previously described [8].
In brief, an aliquot of a 13 mM POPC organic solution was placed in a
flask and the organic solvent was removed by evaporation under vac-
uum to obtain a dry film used as reaction medium for the synthesis of the
NewAgNPs® as described above. The silver nanoparticles were gener-
ated inside liposomes and not loaded in preformed state. The silver and
POPC concentrations in the Cassyopea® sample diluted to neutral pH
corresponds to 2.5 x10™> M and 1.6 x10~* M, respectively.

2.3. Instruments

The spectroscopic analysis was performed by transferring 2 mL of the
NewAgNPs® and Cassyopea® aqueous solution in 1 cm light path quartz
cuvettes. The UV-vis spectra were recorded at 25 + 0.1 °C by using a
spectrophotometer Jasco V-570 (Jasco corporation, Tokyo, Japan).

Dynamic light scattering analysis and zeta potential measurements
were carried out at 25 + 0.1 °C by transferring 2 mL of the NewAgNPs®
and Cassyopea® aqueous solution in disposable 1 cm light path cells.
The scattering data were extrapolated by using the Stokes-Einstein
relationship for the calculation of the hydrodynamic radius with a
Brookhaven (90PLUS BI-MAS) digital correlator at a scattering angle of
90°. The instrument was equipped with a 35 mW He-Ne laser at the
wavelength of 660 nm. For the zeta potential data, the angle of 15°
instead of 90° was employed.

2.4. Ion selective electrode (ISE) analysis

The formation of NewAgNPs® was determined by measuring the
concentration of Ag* in the sample after the reduction to Ag® at room
temperature according to the method previously described [42]. The
reference solution of AgNO3 0.01 M was used to obtain the 10 mL
calibration curve standard solutions in the range 5-500 ppm. The silver
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selective electrode (XS Sensors filled with KNO3 1 M, with silver pin for
argentometric titration) was conditioned for 60 min in the reference
solution before using. All measurements were performed at 25 + 0.1 °C
after conditioning the electrode for 10 minutes into each sample.

2.5. FE-SEM and EDX analysis

The NewAgNPs® and Cassyopea® aqueous solutions were cen-
trifugated and redispersed in water. Several drops of the obtained
samples were placed on aluminium stubs using self-adhesive carbon
conductive tabs and dried. The microscopical analysis was carried out
after 24 h by using field emission scanning electron microscopy (FE-
SEM, Sigma Family, Zeiss) and energy-dispersive X-ray spectroscopy
(EDX, Quantax, EDS, Bruker).

2.6. Oxidation by Fenton-like reaction

An aliquot of Hy02 3% stock solution was added under stirring to
1 cm light path quartz cuvettes containing 2 mL of the diluted sample.
The decreasing of the surface plasmonic band was used as evidence of
the oxidation of metallic Ag® to Ag™ ions. The pseudo first-order kinetic
rate constants (kops) were spectroscopically measured at 25 + 0.1 °C by
monitoring the decreasing of the absorption band at 406 for New-
AgNPs® sample and at 413 nm for Cassyopea® sample as a function of
time.

2.7. Microbiological assays

The minimum inhibitory concentration (MIC) of NewAgNPs® and
Cassyopea® was determined by means of the broth microdilution,
following the method described by EUCAST for E. coli ATCC 25922,
P. aeruginosa ATCC 27853, S.aureus ATCC 29213, and B. cereus [43].
Briefly, serial two-fold dilutions of each stock solution were obtained
using Mueller Hinton broth (MHB). The plates containing 50 pL of the
investigated aqueous solutions were inoculated with 50 pL of the bac-
terial suspension (1.5 x 10® CFU mL 1) and incubated at 35 + 1 °C
overnight. The invitro antibacterial activity was tested against cipro-
floxacin as reference. For MIC determinations P. aeruginosa ATCC
27853, and S.aureus ATCC 29213, were used as controls. The minimum
bactericidal concentration (MBC) was determined by plating 100 pL of
the bacterial suspension at the concentration > MIC on Mueller Hinton
Agar medium (MHA). The plates were incubated at 35 + 1 °C overnight.

3. Results

The synthesis of NewAgNPs® mediated by honey occurs through
turning the colorless silver nitrate aqueous solution into intense yellow
and by the appearance of the typical surface plasmonic band at 406 nm
suggesting the presence of spherical and monodisperse silver nano-
particles. The UV-vis spectrum of the NewAgNPs® in aqueous solution
is reported in Fig. 1.

Interestingly, the absence of a broad absorption band around 650 nm
allows to exclude the formation and the coexistence of silver oxide in

2.04

Abs/a.u.

0.0

T T T )
300 400 500 600
%/ nm

Fig. 1. UV-vis spectrum of the NewAgNPs® sample.
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solution [44].

The concentration of silver ions in the NewAgNPs® sample was
measured by Ion Selective Electrode (ISE) method. This technique is
based on the linear correlation between the potential measured at the
silver electrode and the Ag™' concentration. It was found that the con-
centration of silver ion in the investigated solution is lower than the limit
detection of the instrument suggesting that the reduction of Ag" into
metallic Ag® was successfully completed in the experimental conditions.

The FE-SEM analysis and the EDX map are reported in Fig. 2. The FE-
SEM images confirm the generation of silver nanoparticles highly ho-
mogeneous in size and nearly spherical in shape; the EDX analysis
provides the optical absorption peak around 3 keV commonly observed
for metallic silver [45].

The good level of monodispersion and homogeneity in the size and
shape of the investigated nanoparticles were confirmed by the light
scattering and surface charge analysis. The mean diameter, the poly-
dispersity index, and the zeta potential of the NewAgNPs® are shown in
Table 1.

The synthesis of the NewAgNPs® into the supramolecular system
Cassyopea® successfully occurs as demonstrated by the turning of the
colorless solution into intense clear yellow and by the appearance of the
typical surface plasmonic band at 413 nm in the UV-vis spectrum as
reported in Fig. 3.

As previously observed in the case of NewAgNPs® the broad band at
650 nm is missing in the Cassyopea® sample suggesting that no silver
oxide is formed during the synthesis of the investigated nanoparticles
inside the aggregates. The generation of homogeneous metallic silver
nanoparticles into liposomes is also confirmed by the FE-SEM micro-
graph and the EDX map reported in Fig. 4.

The data from scattering and zeta potential analysis of Cassyopea®
are shown in Table 2.

The results confirm the efficacy of the use of Cassyopea® as reactor
for the synthesis of silver nanoparticles in the investigated conditions.
To test the potential application of Cassyopea® as delivery system for
the NewAgNPs® the kinetics of the oxidation of the metallic silver
induced by HyO, was determined according to the Fenton-like reaction
[46,47]. The NewAgNPs® and Cassyopea® samples were exposed to the
same amount of hydrogen peroxide at 25 + 0.1 °C and neutral pH: the
gradual decreasing of the absorbance at 406 and 413 nm, respectively,
and the simultaneous turning from yellow into colorless for both solu-
tions indicate the dissolution of the Ag® in agreement with a first order
decay. The kinetic profiles obtained for the NewAgNPs® and Cassyo-
pea® are reported in Fig. 5.

The pseudo first-order kops determined at 25 + 0.1 °C for the Fenton-
like reaction of the NewAgNPs® and Cassyopea® samples are reported
in Table 3. The Hy0,/Ag° ratio was kept constant and equal to 100/1 in
all the experiments.

Finally, the minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) values of NewAgNPs® in aqueous
solution and into Cassyopea® were obtained against four bacterial
species having a well-known multidrug resistant phenotype: Escherichia
coli and Pseudomonas aeruginosa were selected as Gram-negative bacte-
ria, while Staphylococcus aureus and Bacillus cereus were selected as
Gram-positive bacteria. The MIC and MBC values expressed in pg/mL
obtained for the NewAgNPs® and Cassyopea® samples are reported in
Table 4.

4. Discussion

Generally, narrow surface plasmonic band around 400 nm is
observed for spherical silver nanoparticles in aqueous solution, while
broadening or shifting to longer wavelength indicate the presence of
aggregates. The intensity of the absorption band is strongly related to
the yellowish color of the solution, while the amplitude depends on the
shape and size so that blue or red shifting indicates the reduction or the
increasing in the AgNPs dimensions, respectively. The determination of
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Fig. 2. FE-SEM images and EDX map of the NewAgNPs® sample. The scale bar is 2 pm.

Table 1
Size, polydispersity, and zeta potential values for the NewAgNPs® sample.

Mean size (nm) Polydispersity Zeta Potential (mV)
30.7 £ 0.3 0.36 £+ 0.002 -35.8 £ 1.3
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Fig. 3. UV-vis spectrum of the Cassyopea® sample.

the surface charge provides important information to predict the sta-
bility of the nanoparticles over time: large zeta potential value, inde-
pendently on positive or negative sign, is measured in the case of high
stability towards aggregation [48,49]. The FE-SEM analysis allows to
detect size, morphology, and the presence of aggregates in the AgNPs
sample, for this reason the data were often compared to the results from
dynamic light scattering measurements by which the hydrodynamic
diameter and particle distribution were obtained.

A homogeneous and monodisperse population of spherical New-
AgNPs® in aqueous solution was obtained in the investigated conditions
as demonstrated by the surface plasmonic band centered at 406 nm in
the UV-vis spectrum (Fig. 1) and confirmed by the FE-SEM analysis
(Fig. 2). In particular, the mean size and the polydispersity index
(Table 1) agree with the range generally associated to strong antibac-
terial activity [50,51]. Interestingly, the negative zeta potential of

—35 mV points out the tendency of the investigated nanoparticles to
avoid aggregation phenomena. This behavior is confirmed by the fact
that NewAgNPs® keep the average size for over 9 months by storing the

Table 2
Size, polydispersity, and zeta potential values for the Cassyopea® sample.

Mean size (nm) Polydispersity Zeta Potential (mV)
138.0 = 2.2 0.19 £ 0.01 -69.5 + 1.3
5 0.154
©
13
o
< 0.10
0.054
0.004

0 200 400 600 800 1000 1200
Time/s

Fig. 5. Fenton-like kinetic profiles for NewAgNPs® (black line) and Cassyo-
pea® (magenta line) samples at 25° C and neutral pH.

Table 3
Kinetic rate constant values (kops) for the NewAgNPs®
and Cassyopea® samples at 25° C.

Sample Kobs/10 3571
NewAgNPs® 66.3 + 0.2
Cassyopea® 3.08 £ 0.03

3
Energy [keV]

Fig. 4. FE-SEM image and EDX map of the Cassyopea® sample. In the micrograph Ag® is highlighted by using the red color. The scale bar is 400 nm.



C. Gasbarri and G. Angelini

Table 4
Minimum inhibitory concentration (MIC) and minimum bactericidal concen-
tration (MBC) for the investigated samples. The values are expressed in pg/mL.

NewAgNPs® Cassyopea®
Gram-negative MiC MBC MiC MBC
E. coli 5.4 5.4 9.1 9.1
P. aeruginosa 5.4 10.8 9.1 9.1
Gram-positive MIC MBC MIC MBC
S. aureus 5.4 >10.8 4.55 >09.1
B. cereus 5.4 >10.8 >9.1 Not detectable

sample at 4 °C.

The synthesis of silver nanoparticles directly inside liposomes as
alternative to their loading in preformed state was performed according
to a sustainable approach and spectroscopically and microscopically
confirmed (Fig. 3 and Fig. 4). The sharp band centered at 413 nm in the
Uv-vis spectrum of the Cassyopea® sample is compatible with the
presence of the spherical and monodisperse NewAgNPs® indicating the
successful role as Cassyopea® as reactor. The polydispersity index of
0.19 determined by scattering analysis as a measure of the statistic
distribution of the aggregate size in the sample (Table 2) suggests that
the formation of the investigated nanoparticles occurs inside liposomes
highly monodisperse in aqueous solution. Moreover, the large negative
surface charge value of —69.5 mV obtained for Cassyopea® by zeta
potential analysis indicates that aggregation phenomena are hampered,
and high stability can be expected. Similarly to NewAgNPs® the average
dimension of Cassyopea® remains the same for over 9 months by storing
the sample at 4 °C.

A stabilizing effect induced by Cassyopea® on NewAgNPs® can be
pointed out by the kinetic profile and the ks determined in the Fenton-
like reaction by which the rate of dissolution induced by hydrogen
peroxide on the metallic silver was studied. The classical Fenton reaction
consists of the oxidation process in which HyO» reacts with ferrous ions
to generate the highly bactericidal hydroxyl radicals and ferric ions. In
the Fenton-like reaction transition metal ions are involved for the in-situ
generation of reactive oxygen species. In the case of silver nanoparticles,
the production of both hydroxyl radicals and antibacterial Ag™ in the
presence of hydrogen peroxide promotes a remarkable synergistic effect
[52].

It was previously observed that the kinetic rate constant of the re-
action (kops) is independent on the silver nanoparticles concentration
but tends to increase linearly with the HyO, concentration in the range
0.5-10 mM [46]. The data obtained for the investigated samples agree
with the results previously described for capped AgNPs. In one of these
studies, Ho et al. reported the kinetics of silver nanoparticles prepared by
reduction of silver nitrate with sodium borohydride in the presence of
sodium citrate as stabilizer [46]. In this case the value of the kgps
determined at 25 °C and neutral pH changes from 133 x1072 t0 1.19
%1073 57! changing the Hy0,/Ag’ ratio from 200/1 to 2/1, respectively.
In our experiments the H,0,/Ag ratio was kept constant and equal to
100/1 and the kqps determined for NewAgNPs® is very close to the kops
extrapolated for the Hy0,/Ag’ ratio equal to 100/1 obtained by Ho and
coworkers. In another work, Alkawareek et al. reported the kinetics of
AgNPs prepared by reduction with NaBH,4 by using polyvinyl alcohol
and polyallylamine hydrochloride as capping/stabilizing agents [47]. In
this case, by considering the initial induction period of about 50 s in the
dissolution of the Ag’, the kinetics is completed within 180 s for the
Hy0,/Ag? ratio equal to 1/1. The reaction similarly occurs for the
NewAgNPs® in the same conditions of temperature and pH but in the
H,0,/Ag" ratio equal to 100/1. The higher concentration of HyOy
needed for the oxidation of NewAgNPs® to measure kops comparable to
the capped AgNPs mentioned above can represent an indicator of the
major stability of the investigated nanoparticles.

The NewAgNPs® synthesized into Cassyopea® show a slower
oxidation rate and a kqps value 21.5 times lower in comparison to the
NewAgNPs® synthesized in aqueous solution (Table 3). Since the bilayer
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thickness of pure phosphatidylcholine liposomes was calculated around
4 nm the nanoparticle size should be lower than 4 nm to be located into
the Cassyopea® bilayer [53]. Showing the average diameter of 30 nm
(Table 1) NewAgNPs® are presumably located in the inner aqueous core
of Cassyopea® so that hydrogen peroxide must permeate the bilayer to
convert Ag® into Ag™. Interestingly, at the end of the reaction the
average size of Cassyopea® increases from 138 to 175 (£ 0.7) nm sug-
gesting that HoOy permeation across the liposomal membrane occurs
without altering the bilayer but enhancing the average size of the in-
dividual liposome [54,55].

This protective behavior seems to be reflected also in the biological
activity of NewAgNPs® against the selected Gram-negative and Gram-
positive bacteria listed in Table 4.

Generally, in the case of silver nanoparticles powerful antibacterial
activity is associated with small size and small values of the minimum
inhibitory concentration (MIC) and minimum bactericidal concentra-
tions (MBC). The microbiological effect may be due either to release of
Ag"' from metallic silver or production of reactive oxygen species or
direct interaction to specific macromolecules, as DNA, in the tested
microorganism [56]. Moreover, inhibitory effects on the bacteria
forming biofilm having resistance to antibiotic therapy were detected
[57,58]. It was previously observed that the surface charge is also
involved in the antimicrobial activity of silver nanoparticles: positively
charged AgNPs possess the highest bactericidal properties, while the
neutral AgNPs show the intermedia effect. The negatively charged
AgNPs were associated with the lower activities [59].

Both NewAgNPs® and Cassyopea® samples show antibacterial ac-
tivities against the selected Gram-negative and Gram-positive bacteria.
In particular, MIC data of 5.4 for NewAgNPs® and 9.1 pg/mL for Cas-
syopea® were found against E. coli, P. aeruginosa and B. cereus. Inter-
estingly, in the case of S. aureus a lower MIC (4.55 pg/mL) for
Cassyopea® was obtained in comparison to NewAgNPs® (5.4 pg/mL),
and in the case of P. aeruginosa a lower MBC (9.1 pg/mL) for Cassyopea®
was measured in comparison to NewAgNPs® (10.8 pg/mL). Further-
more, the MBC/MIC ratio < 2 indicates bactericidal properties of the
NewAgNPs® in aqueous solution and inside Cassyopea®. These results
agree with the data previously reported for commercial and naturally
synthesized silver nanoparticles [60-63]. In the case of commercial
AgNPs, less efficacy in comparison to NewAgNPs® was observed against
S. aureus: the concentration of 0.625 mg/mL for the bactericidal activity
of AgNPs having an average size of 5nm and the concentration of
1.35 mg/mL for the bactericidal activity of AgNPs having an average
size of 10 nm were determined.

It was previously demonstrated a size-dependent antibacterial ac-
tivity by which kinetics and amount of Ag™ release from metallic silver
can be improved by reducing the nanoparticle dimensions. Moreover,
the large surface area of small nanoparticles can easily interact with the
bacteria cell altering its permeability [64]. The distribution of New-
AgNPs® into the core of Cassyopea® liposomes was suggested by the
oxidation data from the Fenton-like reaction. The delivery into Cas-
syopea® increases the overall size of the nanoparticles as a consequence
of their inclusion but still preserve the biological effects as observed by
the MIC and MBC values of the samples. It was also demonstrated that
the control of dimension for the antibacterial use AgNPs is fundamental
especially in the case of Gram-negative bacteria, in which there is an
outer membrane external to the cell acting as a barrier. In the case of
naturally synthesized AgNPs having diameter in the range 60-114 nm
the MIC values of 563 pg/mL for E. coli and P. aeruginosa and of
1500 pg/mL for S. aureus were found, while in the case of naturally
synthesized AgNPs having diameter in the range 20-22 nm the MIC
value of 200 pg/mL and the MBC value of 400 pg/mL were determined
for P. aeruginosa [65,66]. Our data suggest that the naturally synthesized
NewAgNPs® possess remarkable antibacterial properties in comparison
to larger and smaller nanoparticles and tend to conserve their notable
biological effects carried into Cassyopea®.
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5. Conclusions

Herein, we introduced the honey-mediated synthesis of NewAgNPs®
performed in aqueous solution and inside Cassyopea® liposomes in the
absence of reducing, coating, or stabilizing chemical reagents and
without organic solvents according to the green approach. The combi-
nation of honey, silver nanoparticles and supramolecular aggregates is
unprecedented as well as the formation of nanoparticles directly into
liposomes. The generation of the investigated nanoparticles was spec-
troscopically, kinetically, and microbiologically tested. Cassyopea®
demonstrated to act as reactor and carrier for NewAgNPs® both pro-
tecting the small, monodisperse, and spherical nanoparticles against the
oxidation induced by hydrogen peroxide and preserving their bacteri-
cidal activities. In particular, MIC of 5.4 for NewAgNPs® and 9.1 pg/mL
for Cassyopea® were found against E. coli, P. aeruginosa and B. cereus.
Interestingly, in the case of S. aureus a lower MIC (4.55 pg/mL) for
Cassyopea® was obtained in comparison to NewAgNPs® (5.4 pg/mL),
while in the case of P. aeruginosa a lower MBC (9.1 pg/mL) for Cassyo-
pea® in comparison to NewAgNPs® (10.8 pg/mL) was measured.

The high level of reproducibility, the sustainable conditions in which
the synthesis of NewAgNPs® takes place, their remarkable stability, and
the wide versatility of Cassyopea® open the door toward a wide range of
applications in biological, physical, chemical, and technological fields.
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