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d silver–polyaminocyclodextrin
nanocomposites as promising antibacterial agents
with improved activity

Marco Russo, Alessandro Meli, Alberto Sutera, Giuseppe Gallo, Delia Chillura Martino,
Paolo Lo Meo* and Renato Noto

Ag nanocomposites were prepared by photoreduction of ammoniacal silver acetate in the presence of

poly-{6-[3-(2-(3-aminopropylamino)ethylamino)propylamino]}-(6-deoxy)-b-CD (amCD). The obtained

systems were characterized by means of various complementary techniques (UV-vis, FT-IR, TEM, SAED).

In particular, FT-IR spectroscopy evidenced a partial oxidative degradation of the polyamine branches of

the capping auxiliary, due to the fact that these groups function as a sacrificial reducing agent in the

photoinduced formation of the Ag metal core. TEM and SAED micrographs showed that the Ag cores

possess a relatively low polydispersity and a significantly crystalline character. The Ag–amCD systems

were assayed for antibacterial activity, using Escherichia coli and Kocuria rhizophila as Gram-negative

and Gram-positive tester strains respectively. In addition, the systems function as supramolecular drug

carriers, able to bind the b-lactam antibiotic ampicillin, as demonstrated by polarimetric measurements.

Antimicrobial assays revealed MIC90 values against E. coli and K. rhizophila as large as a 5 and 1 mg mL�1

respectively. Moreover, the interaction of the Ag–amCD with ampicillin resulted in a synergistic

improvement of the antibacterial activity. This study provides insights on the attractive possibility to use

a photochemical methodology to produce bioactive supramolecular systems to be employed as

powerful and tunable antimicrobial agents.
Introduction

Interest towards the antibacterial activity of silver and its
compounds1 has received a signicant burst in recent years, due
to the development of resistance to antibiotics by various
pathogenic bacteria, and the consequent search for alternative
biocides. In this context, the use of silver nanoparticles (Ag-NPs)
benets due to some interesting advantages.2 Ag nano-
composites stabilized by various capping agents have shown the
ability to penetrate the cell wall barrier, and then generate Ag+

ions under aerobic conditions.3 Released Ag+ is known to
interact in particular with the sulydryl groups of cysteine-
dependent enzymes4,5 and ROS-controlling systems.6 These
processes, of course, are affected by the average size and surface
area of the NPs, as well as by their morphology and by the
nature of the capping agent used for their preparation.5 Stabi-
lization of noble metal NPs in general is required in order to
avoid their coalescence and, ultimately, their collapse into
a bulk phase. For this purpose, amphiphilic donor species such
as thiols, amines or carboxylic acids are generally used.7 Inter-
esting alternatives are constituted by natural extracts,8 as well as
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by PAMAM and PPI-type dendrimers,9 which are able to provide
an effective control over both size and polydispersity of the
nanoparticles obtained. A sensible choice of the capping agent
offers several protable opportunities. Indeed, the capping
agent might bind, either covalently or by means of supramo-
lecular interactions, molecules possessing structural motifs
recognizable by the cell wall, in such a way to improve the
internalization of the nanocomposite itself. Alternatively, it
might also function as a carrier for further drug/bioactive
molecules able to act synergistically with the metal ion. There-
fore, the construction of a capping agent designed on a supra-
molecular host system may constitute an intriguing task.

Under the latter viewpoint, the cyclodextrin (CD)10 scaffold
appears as an ideal candidate. Native CDs are cyclic oligosac-
charides, which are perfectly biocompatible and can be easily
subjected to chemical modication in several different ways.11

Moreover, their supramolecular binding abilities have been
thoroughly investigated.12 Consequently, CDs have been largely
exploited for various applications, spanning from catalysts and
articial enzyme models13 to drug carrier/delivery systems.14

The use of native or modied CDs for the preparation of metal
nanocomposites has been occasionally reported.15 We have
recently shown that polyaminocyclodextrin derivatives may
constitute a very interesting and promising class of capping
agents for the preparation of silver nanocomposites.16,17 We
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Structure of amp.

Paper RSC Advances
pursued the idea to obtain a species combining a dendrimer-
like motif with the b-cyclodextrin (bCD) scaffold. The
synthesis of similarly structured derivatives had been already
approached in various ways.18 However, we recently developed
a simple and straight-forward protocol affording the desired
products in high yields in two simple passages only,16 namely
the transformation of native bCD into a heptakis-(6-halo)-(6-
deoxy) derivative, followed by a trivial nucleophilic displace-
ment reaction with a suitable polyamine. In particular, we have
employed the poly-(6-(N,N-dimethyl)propylene-diamino)-(6-
deoxy)-bCD to stabilize Ag nanoparticles obtained by reduction
of AgNO3 with formaldehyde.17 The composites obtained were
characterized by means of UV-vis and Fourier-transform
infrared (FT-IR) spectroscopy, Dynamic Light Scattering (DLS)
and high-resolution Transmission Electron Microscopy (TEM)
techniques, and then they were successfully tested as catalysts
for the reduction of differently substituted nitroarenes with
NaBH4. These nanocomposites have an onion-type structure,
with a metal core (ca. 20–30 nm, depending on the Ag+/amCD
reaction ratio) surrounded by several layers of amCD units, held
together both bymutual supramolecular interactions and by the
complexation of unreduced Ag+ ions. The layers are partly lost
upon dilution, as it can be evidenced by the modications of the
characteristic surface plasmon resonance (SPR) band in the UV-
vis spectra. The presence of residual unreduced Ag+ in the
composite is due to the protecting action of the amCD itself,
which is able, whenever present in strong excess, to inhibit the
reduction reaction.

Thanks to their peculiar features, we reasoned that similarly
structured composites may present improved biocompatibility
and ability to trespass the bacterial cell wall, and that could
constitute ideal systems to test the possible interaction with
a suitable co-drug. In the present work we report on the
photochemical synthesis and the characterization (UV-vis, FT-
IR, TEM) of Ag-NP nanocomposites stabilized by means of
a different amCD derivative, namely the poly-{6-[3-(2-(3-amino-
propylamino)ethylamino)propylamino]}-(6-deoxy)-bCD (Fig. 1).
These composites were assayed to assess their antibacterial
activity towards the Gram-negative Escherichia coli and the
Gram-positive Kocuria rhizophila strains used as bacterial
testers.19–22 Finally, possible synergistic action with a typical b-
lactam antibiotic such as ampicillin (amp, Fig. 2) was evaluated.
Fig. 1 Structure of amCD.

This journal is © The Royal Society of Chemistry 2016
Results and discussion
Synthesis of the capping agent

In agreement with literature,16 the chosen amCD derivative was
directly obtained by reacting the heptakis-(6-bromo)-(6-deoxy)-
bCD (BrCD)23 with N,N0-bis-(3-aminopropyl)-1,2-diammino-
ethane (Scheme 1) in a 20-fold excess. It is worth noting that
the polyamine functions as both the nucleophile and the
solvent.

Owing to the occurrence of polysubstitution side-processes –
i.e. the possibility for a single polyamine unit to substitute two (or
even more) bromine atoms on the BrCD – the product is actually
constituted by a mixture of compounds, having a different
number of polyamine branches; moreover, it is isolated as
a partial hydrobromide. Nevertheless, the product was fully
characterized by means of ESI-MS and potentiometric titration
techniques. The latter one, in particular, allowed to determine
the average number of polyamine branches (nb ¼ 4.5 � 0.1) and
hydrobromic acid units (xHBr ¼ 5.4 � 0.2) per CD, the average
molecular weight (hMWi ¼ 2230 � 40) and equivalent weight
(hEWi ¼ 124� 3), as well as to assess its behavior as a weak base.
For the sake of clarity, the average equivalent weight is calculated
as hEWi ¼ hMWi/4nb, i.e. as the ratio between the average
molecular weight and the average number of nitrogen atoms per
CD unit (considered that each polyamine unit bears four N
atoms). It is worth stressing here that, differently from previous
literature reports,16,17 we preferred the BrCD rather than the
heptakis-(6-iodo)-(6-deoxy)-bCD as the starting material for
synthesizing the desired amCD, in order to avoid the presence of
the iodide ion in the nal product. However, the results of both
potentiometric titration and NMR spectra showed that replace-
ment of the leaving group on the starting electrophilic CD has no
signicant outcome on the reaction course and on the analytical
characteristics of the nal product.
Synthesis of the nanocomposite

For the synthesis of the desired Ag-NP nanocomposite, we
reasoned that the presence of any component, apart from the
Scheme 1 Synthesis of amCD.
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Fig. 3 UV-Vis spectrum of the “as-prepared” Ag–amCD pseudo-
solution.

Fig. 4 FT-IR spectra of free amCD (a) and of the C Ag–amCD
nanocomposite (b).
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Ag+ ion, which could be somehow harmful to cell life, should
have been excluded. Therefore, differently from our previous
work,17 we chose to use the acetate (rather than the nitrate) as
the starting silver salt to prepare stock solutions of the well-
known [Ag(NH3)2]

+ complex. Then, we avoided the use of
formaldehyde for the reduction reaction. We rst attempted to
use other biocompatible reducing agents such as glucose,
sodium citrate or sodium ascorbate. In particular, test samples
were prepared containing [Ag(NH3)2]

+ (1 mM) and amCD (2 mN)
in the presence of an excess of reductant (5 mM), and kept at 40
�C for 90 min (which are the same conditions previously used
for the reaction with CH2O). In no case, however, we obtained
satisfactory results. The reduction proceeded only up to a very
poor extent in the presence of glucose, as accounted for by the
low intensity observed for the expected SPR band (3 < 500, lmax

405 nm). No reaction occurred with sodium citrate; by contrast,
ascorbate caused an immediate reaction with formation of dark
brown, intractable precipitates. We therefore changed our
strategy and, keeping into account the well-known sensitivity of
silver salts to light, we tried to perform the preparation of the
desired nanocomposites by means of a photochemical
approach. The photoreduction of noble metals in general has
been described in literature.24,25 It has been shown that the
process involves the photoexcitation of a metal ion–ligand
complex, resulting in an inner-sphere electron transfer process,
from which the reduced metal is formed. The ligand, in turn,
functions matter-of-factly as a sacricial reducing agent, and
ultimately undergoes oxidative degradation. In particular,
tertiary amines are known to be converted into iminium ions
(via the corresponding radical cations),25 which can be easily
hydrolyzed. Photoinduced shape conversion of spherical Ag-
NPs weakly capped by citrate ions has been reported.26

We could easily observe that a freshly prepared solution of
[Ag(NH3)2]

+ 1 mM with amCD 2 mN rapidly turns reddish upon
exposure to sunlight, revealing the undoubted formation of
nanoparticles. Then, in order to standardize the operational
conditions, we subjected the same system to irradiation by
means of a simple commercial halogen lamp (at a 275 W m�2

irradiation power, see Experimental for details) for 10 min. As
expected, we obtained a stable reddish pseudo-solution, the UV-
vis spectrum of which revealed the characteristic SPR band
centered at lmax ¼ 406 nm (3 ¼ 3570, Fig. 3). According to our
previous work,17 the intensity of the SPR band for similarly
structured systems can be assumed as a measure of the amount
of reduced Ag present. Therefore, it is worth noting that the
observed 3 value is lower than the one obtained for the reduc-
tion performed with formaldehyde (3 ¼ 5540), all other condi-
tions being equal. This nding implies that a signi-cant
amount of Ag+ ion remains unreduced in the process. The Ag-
NP system obtained is stable for weeks, if kept still in the
dark. However, according to literature,27 we found out that it
can be forced to precipitate by centrifugation, affording a brown
material. We also observed that the precipitate obtained can be
re-suspended in pure water by sonication, to afford again
a quite stable pseudo-solution. The possibility to isolate and
subsequently re-suspend an NP composite might be interesting,
in view of possible applications. Therefore, we decided to
40092 | RSC Adv., 2016, 6, 40090–40099
subject to further characterization the “as-prepared” system,
the forcedly precipitated solid and the sonicated re-suspended
pseudo-solution as well. For the sake of clarity, hereinaer we
will refer to the three systems as “AP Ag–amCD”, “C Ag–amCD”
and “PCR Ag–amCD” respectively.
Characterization of the nanocomposites

The FT-IR spectra of the free amCD and of the C Ag–amCD
system precipitated by centrifugation are compared in Fig. 4.
The main features present in the spectrum (2% w/w in KBr) of
the capping agent are constituted by: (i) the –OH stretching
band centered at 3250 cm�1; (ii) a signals cluster in the range
3000–2700 cm�1, relevant to the stretching of the –CH2– groups
of the polyamine units; (iii) a band at 1468 cm�1 relevant to the
–NH– bending; (iv) a peculiar cluster of signals in the range
1190–960 cm�1, which constitutes the typical ngerprint of the
CD scaffold. On passing to the composite, it must be prelimi-
narily noticed that Ag-NPs in general show strong absorption of
This journal is © The Royal Society of Chemistry 2016



Fig. 6 TEM and SAED micrographs of the PCR Ag–amCD
nanocomposite.

Paper RSC Advances
IR radiation. Therefore, suitable baseline correction is needed
in order to acquire the spectrum,17 which clearly presents all the
signals expected for the presence of the amCD. This nding
provides convincing evidence about the composite nature of the
precipitate collected, and thus about the fact that the capping
agent is stably bound to the NP metal core. However, we can
also notice the enlargement of the –OH stretching band (which
is shied up to 3278 cm�1) and the signicant presence of two
new signals centered at 1581 and 1410 cm�1, in the typical
position for the asymmetric and symmetric stretching of the
carboxylate group respectively. The latter band overlaps with the
aforementioned –NH– bending band (which is apparent as
a shoulder). The presence of these signals indicates the occur-
rence of a signicant oxidative degradation of the polyamine
branches of the amCD. Although the mechanism of the
photoinduced formation process for our Ag-NPs is currently
under investigation, the latter nding supports the hypothesis25

that the capping agent actually functions as sacricial reducing
agent for the Ag+ photochemical reduction.

Further characterization of the nanocomposites was ach-
ieved by means of high-resolution TEM techniques. In partic-
ular, we analyzed both the “AP Ag–amCD” and the “PCR Ag–
amCD” pseudo-solutions. Representative micrographs are
shown in Fig. 5 and 6 respectively. As we can easily see, the
nanoparticles for the AP Ag–amCD system are nearly spherical
in shape and quite well separated, with poor tendency to
aggregation; moreover, the metal cores and present a good
crystallinity, as evidenced by the relevant SAED (Selected Area
Electron Diffraction) image, in particular by the bright spots
superimposed to the diffraction rings due to the crystal orien-
tation. Rings position is consistent with the d-spacing of the fcc
phase of Ag indexed as 111, 200, 220 and 311 reection from the
center of the SAED pattern. Statistical analysis of the micro-
graphs (the relevant distribution histogram is depicted in
Fig. 7a) shows a slightly skewed size distribution, with a value
Fig. 5 TEM and SAED micrographs of the AP Ag–amCD
nanocomposite.

This journal is © The Royal Society of Chemistry 2016
for the average diameter as large as 20 nm and a standard
deviation of 7 nm. On passing to the PCR Ag–amCD system, we
can notice extensive aggregation, together with an increase in
both average size and polydispersity of the metal cores (relevant
distribution histogram in Fig. 7b). As a matter of fact, the
average diameter increases up to 27 nm and the standard
deviation up to 10 nm. However, relatively few particles show
signicant modication in shape. On the grounds of
a comparison between the SAED images for the two systems, re-
dispersion seems to result in an increase of the degree of crys-
tallinity, in agreement with the size increase inferred from TEM
images.

The whole of these results suggests that the “as prepared”
system should maintain a layer-structured coating shell, similar
to the one described previously,17 despite the occurrence of
partial oxidative degradation of the amCD. However, forced
precipitation and subsequent re-suspension of the nano-
composite by sonication has heavy consequences. Loss of part
of the coating is very likely to occur, resulting in aggregation
and even coalescence in some cases. Moreover, further reduc-
tion of residual Ag+ may take place, with consequent increase in
size of the metal cores.
Fig. 7 Size distribution histograms of the Ag metal cores for (a) the AP
Ag–amCD and (b) the PCR Ag–amCD composites.

RSC Adv., 2016, 6, 40090–40099 | 40093
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Antimicrobial activity

Many reports describe the antimicrobial activity of biologically
or chemically synthesized Ag-NPs showing Minimal Inhibitory
Concentration (MIC) and Minimal Bactericidal Concentration
(MBC) values ranging from 0.1 to 160 mg mL�1 against either
Gram-positive and Gram negative strains.20,28 In particular,
Andrade et al. successfully tested the antimicrobial efficacy of b-
cyclodextrin-coated pseudo-spherical Ag-NPs (28 nm average
diameter), revealing bactericidal effect at the concentration of
10 mg mL�1 against the Gram-negative Escherichia coli used as
tester strain.29 The dose-dependent antibacterial efficacy of Ag-
NPs generally depends on different factors, including size and
morphology, as well as the nature of the capping agent.1,5

Therefore, in order to asses the antimicrobial activity of our Ag–
amCD nanocomposites, micro-biological assays were per-
formed using the E. coli and the Gram-positive Kocuria rhizo-
phila strains as testers. Preliminary agar diffusion tests were
performed by spotting on bacterial overlays aliquots of
suspensions containing different amounts (corresponding to 1,
0.1, 0.01 and 0.001 mg of total Ag respectively) of both the AP Ag–
amCD and the PCR Ag–amCD systems; free amCD, ammoniacal
silver acetate, the Ag+$amCD complex prior to irradiation and
the mother liquors from the forced precipitation of the
composite were used as suitable controls. These preliminary
tests revealed no or negligible inhibition of bacterial growth for
the free amCD and for the mother liquors respectively, whereas
the other tested silver sources showed signicant antimicrobial
activity against both the tester strains. In particular, for the
tested composites 0.01 and 0.1 mg of Ag were sufficient to afford
growth inhibition of K. rhizophila and E. coli respectively. It is
worth noting that the antibacterial efficacymeasured as the area
of bacterial growth inhibition halos, revealed that both AP and
PCR Ag–amCD composites possess a similar activity, with the
second one showing only a fair decrease in efficacy against both
testers (Fig. 8). This nding parallels the observed morpholog-
ical differences discussed previously. Indeed, owing to the
larger average size and polydispersity of its NPs, a decreased
activity for the PCR Ag–amCD could have been expected.
Nevertheless, considered that differences in activity were in fact
modest, the capability of being separated from aqueous phase
Fig. 8 Areas of bacterial growth inhibition halos produced by AP and
PCR Ag–amCD.

40094 | RSC Adv., 2016, 6, 40090–40099
by centrifugation is undoubtedly a valuable characteristic for
our nanocomposites. Therefore, everything considered, further
investigations were carried out on the PCR Ag–amCD system
only. As a nal observation, lack of activity for the mother
liquors indicates that unreduced Ag+ ions possibly present in
the AP Ag–amCD pseudo-solution co-precipitate within the C
Ag–amCD composite during centrifugation.

In order to achieve quantitative evaluation of the antibacte-
rial efficacy of the PCR Ag–amCD composite, MIC and MBC
tests were performed (relevant results are summarized in Table
1, see Experimental for details). In particular, we found values of
5 mg mL�1 for both MIC90 and MBC against E. coli and 1 and 5
mg mL�1 for MIC90 and MBC against K. rhizophila, respectively.
We already mentioned that the mechanism of bactericidal
actions of Ag-NPs has been extensively studied and different
mechanisms of toxicity have been proposed.4–6,30 These include
bacterial cell membrane disruption, inhibition of respiratory
enzymes, inhibition of cell-wall biosynthesis and interaction
with bacterial DNA. In all these events the capability of silver-
nanocomposite to produce Reactive Oxygen Species (ROS) and
to release Ag+ by the Ag-NPs oxidation is fundamental to exert
biological activity.1,3 The quantitative data of MIC90 and MBC
values obtained for PCR Ag–amCDwere very close or identical to
the ones measured for the control silver acetate or the
Ag+$amCD not irradiated pre-complex. This evidence suggests
a considerable capability of Ag+ production from the PCR Ag–
amCD. It is worth stressing that MIC values for PCR Ag–amCD
are similar or lower than those reported in other works against
the same bacterial strains, ranging from 0.25 to 100 mg mL�1, in
dependence of the capping agent and the Ag-NP size.2 In
particular, for Ag-NPs having a size similar to that of PCR Ag–
amCD, MICs against E. coli ranging from 10 to 75 mg mL�1 have
been reported.2 As long as K. rhizophila strain is concerned, the
lowest Ag-NP MIC ever reported is as large as 4 mg mL�1.21

The possible combination of antimicrobial activity of Ag-NPs
and antibiotic molecules has been explored giving interesting
results whenever the combined system showed improved effi-
cacy.31–33 In particular, synergistic effect has been observed
combining Ag-NPs and ampicillin (amp) against E. coli
strains.32,33 In these cases the interaction between Ag-NP and
carrier. The ability of amCD to bind ampwas positively assessed
by means of polarimetric measurements (see Experimental for
the antibiotic may be postulated on the grounds of the anti-
microbial efficacy enhancement found. Due to its peculiar
structure, Ag–amCD functions as a potential supramolecular
details),34 which allowed us to estimate for the amCD$amp
complex a stability constant as large as 650 � 100 M�1 (Fig. 9).
Thus, amp was added to both the Ag+$amCD pre-complex and
the PCR Ag–amCD composite in a 1 : 1 weight ratio, and the
resulting complexes were subjected to tests. The antimicrobial
assays performed on E. coli revealed a 5-fold improvement of
bacterial-growth inhibitory and bactericidal activity for the PCR
Ag–amCD + amp system. This result is particularly interesting,
because the amount of amp used is signicantly smaller as
compared with other works,35 and is at least one order of
magnitude lower than the MIC and MBC values against E. coli
strain calculated in this study (i.e. 10 and 25 mg mL�1,
This journal is © The Royal Society of Chemistry 2016



Table 1 MIC90 and MBC values of Ag composites against E. coli and K. rhizophila strainsa

Ag source

E. coli ampR E. coli

MIC90

(mg mL�1)
MBC
(mg mL�1)

MIC90

(mg mL�1)
MBC
(mg mL�1)

Ag acetate 5b 5c 5b 5c

Ag+$amCD 5b 5c 5b 5c

PCR Ag–amCD 5b 5c 5b 5c

Ag–amCD + amp 1b 1b 10c 10c

PCR Ag–amCD + amp 1b 1b 5c 5c

K. rhizophila

MIC90

(mg mL�1)
MBC
(mg mL�1)

Ag acetate 0.5b 0.5c

Ag+$amCD 1b 1b

PCR Ag–amCD 1b 5b

a Statistical signicance of MIC and MBC values was calculated by one way ANOVA test using values obtained from spectrophotometric
measurements of bacterial growth and viable bacterial cell counts, respectively. b p < 0.01. c p < 0.05.

Fig. 9 Polarimetric determination of the amCD$amp binding
constant.
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respectively). In particular, the MIC value is in agreement with
the one reported in literature for the same strain.19,36 Further
control tests were performed with an E. coli strain which
expresses a b-lactamase gene bla, contained in a high-copy
number DNA vector plasmid and conferring high level of amp
resistance (more than 100 mg mL�1). In particular, PCR Ag–
amCD + amp MIC90 and MBC values against the ampR E. coli
strain resulted comparable to the ones found for the PCR Ag–
amCD alone. The latter result indicates that the improvement of
antimicrobial activity is specically due to synergistic action of
the composite and amp. Noticeably, the PCR Ag–amCD + amp
system showed increased activity as compared to PCR Ag–amCD
even if sub-lethal amounts of amp were bound on the Ag
nanocomposite, suggesting that the antimicrobial activity of
this system still resides in the activity of Ag-NP whereas the amp
molecule can increase the affinity of Ag-NPs surface for the
bacterial cell wall, as already proposed by Fayaz et al.33
This journal is © The Royal Society of Chemistry 2016
Therefore, based on these considerations, the PCR Ag–amCD
system exerts a powerful antibacterial efficacy and may have an
applicability in those elds where antimicrobial capability is
a desired feature.
Experimental
Materials and instrumentation

All commercial (Aldrich, Fluka) reactants and materials were
used as purchased, with no further purication. The non-
commercial BrCD was prepared according to literature.16

UV-vis spectra were recorded on a Beckman DU 800 spec-
trophotometer. FT-IR spectra (2% in KBr) were acquired on
a Bruker VERTEX 70 apparatus. NMR spectra were recorded on
a Bruker 300 mHz AS series spectrometer. ESI-MS mass spectra
were acquired in positive mode on an AGILENT Technologies
6540 UHD Accurate Mass Q-TOF LC-MS apparatus (1 kV nozzle
voltage, 250 V fragmentor voltage). TEM micrographs were
acquired using a JEM-2100 (JEOL, Japan) electron microscope
operating at 200 kV accelerating voltage. A drop of each
suspension was put onto a 3 mm Cu grid “lacey carbon” for
analysis and let the solvent to complete evaporation. Polari-
metric measurements were performed on a JASCO P-1010
polarimeter.
Synthesis and characterization of amCD

Poly-{6-[3-(2-(3-aminopropylamino)ethylamino)propylamino]}-
(6-deoxy)-bCD (amCD) was synthesized, according to the
procedure reported in previous works,16 by reacting the hepta-
kis-(6-bromo)-(6-deoxy)-bCD23 (315 mg, 0.2 mmol) with N,N0-bis-
(3-aminopropyl)-1,2-diammino-ethane (5 mL, 4.76 g, 0.0273
mol) at 60 �C for 48 h. The reaction crude was diluted with 10
mL of methanol and the solution was dropped under vigorous
stirring into 300 mL of cold diethyl ether. The system was
RSC Adv., 2016, 6, 40090–40099 | 40095
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allowed to settle for a few hours and then decanted, affording
a brownish slurry. The slurry was dissolved in 10 mL of meth-
anol and again dropped under stirring into 200 mL of diethyl
ether, to afford a second amorphous solid. This dissolution–
precipitation procedure was repeated other two or three times,
until a pale yellow solid was obtained. The product was nally
ltered off and dried under vacuum overnight at 50 �C. Yield
419 mg (94%).

The product decomposes on heating over 190 �C; FT-IR: see text;
1H and 13C NMR spectra were coincident with the ones reported
elsewhere16 for the product obtained starting from the heptakis-(6-
iodo)-(6-deoxy)-bCD: 1H NMR (DMSO-d6) d 1.59, 1.63 (two over-
lapped m, –CH2–CH2–CH2–), 2.43, 2.55 (two overlapped m, –CH2–

N:), 2.60, 2.63 (two overlapped brm, –CH2–NH– andH(6)CD), 2.82
(m, –CH2–NH2 andH(6)CD), 3.35 (br s, H(2)CD), 3.50 (br s, H(4)CD),
3.66 (br s, H(3)CD), 3.76 (br s, H(5)CD), 4.91 (br s, H(1)CD), 4.95 (br
s, –OH, –NH–) ppm; 13C NMR d 27.39, 28.32 (–CH2–CH2–CH2–),
38.48 (–CH2–NH2), 46.61, 47.36, 48.94 (–CH2–N:), 48.70–49.60
(cluster, C(6)CD), 70.36 (C(5)CD), 72.32 (C(2)CD), 72.80 (C(3)CD),
82.20–85.70 (cluster, C(4)CD), 102.45 (C(1)CD) ppm; high-resolution
ESI-MS (m/z): 1114.8004 [C98H210N28O28$2H]2+ (calcd 1114.8007);
1038.6996 [C90H188N24O28$Na$H]2+ (calcd 1038.6995); 1027.7085
[C90H188N24O28$2H]2+ (calcd 1027.7085); 951.6077 [C82H166N20O28-
$Na$H]2+ (calcd 951.6073); 940.6166 [C82H166N20O28$2H]2+ (calcd
940.6163); 853.5242 [C74H144N16O28$2H]

2+ (calcd 853.5241);
743.5368 [C98H210N28O28$3H]3+ (calcd 743.5363); 685.4752
[C90H188N24O28$3H]3+ (calcd 685.4748); 634.4719 [C82H166N20O28-
$Na$2H]3+ (calcd 634.4706); 627.4139 [C82H166N20O28$3H]3+ (calcd
627.4133); 569.3524 [C74H144N16O28$3H]

3+ (calcd 569.3518);
557.9045 [C98H210N28O28$4H]4+ (calcd 557.9040); 514.3585
[C90H188N24O28$4H]4+ (calcd 514.3579).

Potentiometric titrations were performed according to the
procedure reported elsewhere.16 A weighed amount (ca. 50 mg)
of amCD was dissolved with 10 mL of freshly double-distilled
water in a jacketed vessel (thermostated at 25 �C), then 5 mL
of a standard HCl 0.1 M were added, and the resulting solution
was degassed bubbling into it a ne stream of Ar for 15min. The
resulting solution, kept under magnetic stirring, was then
titrated with a standard NaOH 1 M solution introduced by
means of a Chemetron micrometric syringe, recording the pH
dwi ¼
�
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value resulting aer each titrant addition (2.5 mL) with
a common pH-meter. Data were analyzed by means of the
proper tting equation derived analytically, providing that the
product behaves as a mixture of four independent monoprotic
virtual bases.
Preparation of the Ag–amCD composites

A stock solution of ammoniacal Ag acetate 15 mM was prepared
as follows: 250.3 mg of salt (0.15 mmol) were dissolved in
40096 | RSC Adv., 2016, 6, 40090–40099
distilled water (ca. 50 mL); then a slight excess of NH3 1 M was
added dropwise until the solution turned perfectly clear, and
the volume was nally adjusted to 100 mL with distilled water.
The solution can be stored indenitely in the dark. In parallel,
a stock solution of amCD 6 mN was prepared by dissolving
14.76 mg of amCD (6.6 mmol, 0.12 meq.) in 20 mL of distilled
water.

In order to prepare the AP Ag–amCD nanocomposite, 1.8 mL
of water, 200 mL of ammoniacal Ag acetate 15 mN solution and
1.0 mL of amCD 6 mN solution were rapidly mixed in a screw-
cap vial. The carefully closed vial containing the solution was
accommodated in a box having the inner walls covered in
tinfoil, and exposed for 10 min to the light of a common 50 W
halogen lamp placed at a distance of 12 cm. The resulting
amber red solution was immediately stored in the dark.

The C Ag–amCD precipitated composite was obtained by
subjecting a freshly prepared sample of AP Ag–amCD to
centrifugation at 14 000 rpm for 30 min. Then, the clear, almost
colourless supernatant liquor was carefully decanted and the
brown residue was lyophilized overnight. Yield 12.3 mg.

The PCR Ag–amCD system was prepared by subjecting 1 mL
of freshly prepared AP Ag–amCD pseudo-solution to centrifu-
gation at 14 000 for 30 min in an Eppendorf vial. The mother
liquors were carefully pipetted, and replaced with 1 mL of fresh
water. The system was then subjected to sonication using
a Sonics and Material Inc. Vibra cell sonicator for 10 s.
Polarimetric determination of the amCD–amp binding
constant

According to the standard procedure reported in literature,34

stock solutions of amCD (2.5 mM) and amp (150 mM) were
prepared by dissolving the proper amounts of substance in pure
water. Samples were prepared by adding different micro-
amounts (from 0 up to 150 mL) of the guest amp solution to 3
mL of the host amCD solution. Then, the optical activities of the
samples were measured. Due to the fact that the chiral guest
amp possesses a non-null optical activity, regression analysis of
polarimetric data was accomplished by means of the proper
equation derived analytically (which is a generalization of the
equation used in previous works34):
where, for the generic i-th sample, qi and q0 are the optical
rotations measured for the sample and the pure host solution
respectively, v1 is the volume of amp added, V0 is the volume of
amCD solution, QG is the molar optical rotation of the guest,
H0
0 and G0

0 are the analytical concentrations of the host and
guest solutions respectively, DQ the differential molar optical
activity for the complex, K is the binding constant to be
determined.
This journal is © The Royal Society of Chemistry 2016
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Microbiological assays

Microbiological assays were performed using E. coli K12 DH10B
(Invitrogen) and K. rhizophila ATCC 9341 as Gram-negative and
Gram-positive tester strains, respectively.19–22 The amp resistant
strain was obtained by transformation of chemically-competent
E. coli K12 DH10B cells by using the high-copy number plasmid
pUC19 (Invitrogen), which carries the bla gene encoding a b-
lactamase, according to supplier instructions.

Agar diffusion tests were performed using 5 mL of so-agar –
i.e. 7.5% (w/v) bactoagar (Difco) in Luria Bertani (LB) broth
(Invitrogen) – containing 108 to 109 bacteria cells (colony
forming units or CFU) of tester strain. A range of concentrations
(corresponding to 1, 0.1, 0.01 and 0.001 mg of total Ag) of the Ag-
NP composites were directly spotted on an overlay of bacteria on
agar plate. Growth inhibition halos from at least three inde-
pendent replicas were observed aer overnight incubation at 37
�C.

In order to quantitatively assess antimicrobial activity, MIC
and MBC values were calculated. In particular, different
suspensions of 1 mL LB broth containing each tester strain at
the concentration of 106 CFUmL�1 were incubated in sterile 24-
well plates (37 �C, 200 r.p.m. in orbital shaker) with different
amounts of total Ag (0.1, 0.5, 1, 5, 10, 20, 50 and 100 mg mL�1).
Untreated bacterial cultivations were used as reference control
condition. Each cultivation was performed in parallel tripli-
cates. Aer 24 h of incubation, the MIC and MBC values were
evaluated. The MIC was determined spectrophoto-metrically as
the lowest concentration which inhibited the 90% of bacterial
growth (MIC90) in the respect of untreated cultivation in terms
of OD measured at 600 nm. The MBC, dened as the lowest
concentration which causes a 99.9% decrease of the starting
CFU, was determined by plating and incubating 100 mL from
serial dilutions of cultures on LB-agar plates overnight at 37 �C
for CFU counting. Statistical test (one way ANOVA) was per-
formed to asses signicance (p < 0.05 or p < 0.01)2a,22d,37 of
spectrophotometric measurements (OD values) and viable cell
count (CFU values) by using XLSTAT soware (Addinso). Each
measurement was obtained by three biological and technical
replicates.
Conclusions and final remarks

An easy and viable photochemical protocol has been used to
prepare Ag-NP nanocomposites stabilized by a polyamino-
cyclodextrin derivative, which have very promising antibacte-
rial activities. More in detail, an ammoniacal Ag acetate solu-
tion in the presence of the amCD capping agent rapidly
undergoes photoreduction on irradiation with a common
halogen lamp; at the same time the polyamine pendant groups
of the amCD function as sacricial reducing agents, undergoing
partial oxidative degradation. The composite obtained can be
easily precipitated by centrifugation, and re-suspended by
sonication. The characterization of the composites evidences
the actual presence and partial degradation of the amCD in the
system, as well as a relatively low polydispersity of the Ag metal
cores, which have a signicant degree of crystallinity, and tend
This journal is © The Royal Society of Chemistry 2016
to increase in dimension aer the precipitation/re-suspension
procedure. The composites obtained show remarkable anti-
bacterial activities (measured in terms of MIC90 and MBC
values) towards E. coli and K. rhizophila. Moreover, they posi-
tively show the ability to bind, vehicle and act synergistically
with the b-lactam antibiotic ampicillin. In fact, data indicate
that the Ag-NP composites enhance their antimicrobial activity
in combination with sub-lethal amounts of amp. Thus, our
composites appear as bioactive supramolecular systems having
all the requirements to be considered as powerful and tunable
antimicrobial agents.

Finally, there are a few additional points which deserve to be
outlined. It is important in our opinion to stress that the
photoreduction methodology adopted here provides with a very
simple, inexpensive and environmental-friendly way to obtain
Ag-NPs, even in large amounts. The possibility to isolate and re-
suspend the composite with overall negligible outcome on the
characteristics and efficiency of the composite has an
undoubted appeal in view of future applications. It is important
to stress, in our opinion, that the observed antimicrobial
activity is the outcome of the overall features of the composite,
i.e. the peculiar combination of nanosized metal core, unre-
duced Ag+ and amCD coating, all contributing to the release of
Ag+ ions under aerobic condition. The elucidation of the
different contributions and the relevant interdependency in
exerting the antibacterial activity could be an interesting point
to be comparatively addressed in further dedicated studies.
Moreover, the assessment of a supramolecular interaction by
means of the polarimetric method is quite interesting from
a methodological viewpoint, because it extends the possibility
to reliably exploit this simple technique even to chiral guests.
Last, due to these encouraging results, in next studies the
effects of increased amounts of amp and/or different members
of various antibiotic classes to be combined with PCR Ag–amCD
nanocomposite will be comparatively tested, with the aim of
elucidating of the intrinsic antibacterial mechanism of the
silver–amCD nanocomposites, as well as of developing antimi-
crobial systems effective against amp resistant and multi drug
resistant bacterial strains.
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