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Abstract

In this work, we demonstrate that a simple argentometric titration is a scalable, fast, green and robust approach for pro-
ducing AgCl/antibiotic hybrid antimicrobial materials. We titrated AgNO; into tetracycline hydrochloride (TCH) aqueous
solution, thus forming AgCI/TCH in a one-step procedure. Furthermore, we investigated the one-pot synthesis of triply
synergistic super-nanoantimicrobials, combining an inorganic source of Ag* ions (AgCl), a disinfecting agent (benzyl-
dimethyl-hexadecyl-ammonium chloride, BAC) and a molecular antibiotic (tetracycline hydrochloride, TCH). Conventional
antimicrobial tests, industrial biofilm detection protocols, and in situ IR-ATR microbial biofilm monitoring, have been
adapted to understand the performance of the synthesized super-nanoantimicrobial. The resulting hybrid AgCI/BAC/
TCH nanoantimicrobials are found to be synergistically active in eradicating Salmonella enterica and Lentilactobacil-
lus parabuchneri bacteria and biofilms. This study paves the way for the development of a new class of super-efficient
nanoantimicrobials that combine relatively low amounts of multiple active species into a single (nano)formulation, thus
preventing the development of antimicrobial resistance towards a single active principle.
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1 Introduction

The development of an easy and green route towards synergistic silver halide/QAC (quaternary ammonium com-
pound) colloids play a vital role in fighting one of the top 10 public health threats, e.g., the so called antimicrobial
resistance (AMR) [1-4]. QACs are the major class of cationic surfactants, which contain at least one hydrophobic
hydrocarbon chain linked to a positively charged nitrogen atom, and other alkyl groups which are mostly short-chain
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substituents such as methyl or benzyl groups. Although there is not a univocal interpretation of silver-based nanopar-
ticles (NPs) biocidal action yet, it is thought that one of their main mechanisms is based on ion release in solution [5].

Nanotoxicological issues are limiting the applications of ultrafine metal NPs. In fact, it is well known that small
(i.e., below 20 nm) metal NPs might penetrate into tissues, biological barriers, and cellular membranes [6, 7] caus-
ing adverse toxic effects in human organism. Hypothesized pathways of NPs uptake in the human body and target
organs (where they can accumulate) rely on skin and nasal/pharyngeal mucosa penetration. From there, through
the central cardiovascular system, NPs can easily reach organs [8, 9]. Toxicity of NPs varies with their properties (size,
shape, charge, surface energy, chemical composition and others) [10, 11] and it depends on the properties of liv-
ing organisms [12]. Alternative materials offering a controlled release of bioactive metal ions, can be coordination
polymers, ionic-exchangers, and particles composed by insoluble salts. Particularly, the use of intrinsically insoluble
AgClin place of elemental Ag could increase the level of control over the extent and rate of bioactive species genera-
tion, by providing a thermodynamically-controlled release of Ag* ions [1, 2, 13]. AgClI NPs have already been applied
in biomedical, cosmetic, and food packaging sectors [14, 15]. Previously, preparation and characterization of AgBr
nanocolloids were presented by Panda et al. where a quaternary ammonium compound acts as both the source of
bromide ions and the stabilizing agent [16]. Recently, a standard argentometric titration was found to be a scalable,
facile, versatile, fast, and robust technique for the production of AgCl-based antimicrobial agents [1]. AQCI/BAC was
prepared by titrating an aqueous solution of AgNO; into an aqueous benzyl-dimethyl-hexadecyl-ammonium chloride
(BAC) solution. The possible use of a wide range of solvents and QACs makes the system extremely flexible; a peri-
staltic pump can be used to drop the silver precursor, if a large-scale production is required [17]. In the present work,
combining silver chloride nanoparticles with TCH antibiotic for biofilm inhibition and bacteria treatment presents
several novel aspects in the field of antimicrobial application: synergistic triply antimicrobial effect, biofilm disruption,
possible reduction of antibiotic resistance, follow green and easy approach, extended stability and shelf-life of TCH
antibiotic, and broad-spectrum activity against both Gram-positive and Gram-negative strains. The synergy allows
for lower concentrations of both the nanoparticles and antibiotics to be effective, reducing potential toxicity while
maintaining efficacy against bacteria [18-20]. These properties make this scalable approach promising for combating
bacterial infections, particularly those associated with biofilm formation and antibiotic resistance.

Indeed, the involvement of Cl-containing antibiotics, such as tetracycline hydrochloride, clindamycin hydrochlo-
ride, and chlortetracycline hydrochloride, can be a turning point of synergistic systems, which can be more lethal
against food pathogenic bacteria consortia, i.e., biofilms. Tetracycline hydrochloride (TCH) is a group of broad-spec-
trum antibiotics. The main mechanism of action for Tetracycline is the inhibition of bacterial protein synthesis. The
strong binding of tetracycline to the bacterial 30S ribosomal subunit leads to the inhibition of protein synthesis by
causing the rupture of codon-anticodon interactions between tRNA and mRNA. This results in the bond interrup-
tion between the aminoacyl-tRNA and the ribosomal acceptor site [21]. Several studies have been conducted on the
ex-situ or in-situ preparation of tetracycline-combined AgNPs as antimicrobial agents [22-25]. Nonetheless, those
studies are limited to lab-scale production, and may raise (nano)toxicity issues due to the presence of toxic solvents
and reducing agents. Additionally, they usually require complex preparation routes and lead to NPs of uncontrolled
size and shape. Furthermore, the use of a larger amount of antibiotic addition in the nanocomposite could lead to a
loss of environmental and economic sustainability.

Salmonella genus is a major pathogen which is responsible for one of the most common and dangerous foodborne
disease called Salmonellosis [26]. It has ability to form biofilm, which cause high resistance against disinfection and
antibiotics. Heterofermentative lactic acid bacteria like L. parabuchneri are usually responsible for contaminating
dairy products and increasing food toxicity level due to the histamine release. Lentilactobacillus parabuchneri strains
produce biofilms on the surface of dairy industry equipment and become resistant to disinfecting agents while act
as reservoirs of histamine-producing bacteria [27, 28]. Therefore, there is an acknowledged need for innovative anti-
microbials against them to fight the antibiotic resistance and prevent biofilm formation [29-31].

In the present study, 10 mM AgCI/BAC/TCH colloids were developed following a simple titration method that has been
adapted to the production of a multicomponent super-antimicrobial hybrid material. A 9:1 ratio was used between BAC
and TCH. BAC is already known to be a bioactive and stabilizing material, and the addition of a very small concentration
of TCH (1 mM), surprisingly made the system highly active in eradicating S. enterica biofilms. The AgCI/BAC/TCH nano-
particles can be easily embedded in different polymeric matrices, thus resulting in effective antimicrobial surfaces, as
demonstrated by the in-situ IR monitoring of L. parabuchneri biofilm inhibition on AgCl/BAC/TCH/PVMK coatings.
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2 Material and methods
2.1 Materials

Silver nitrate (AgNO;), BAC, and Poly(vinyl methyl ketone), acetonitrile LC-MS grade, trifluoroacetic acid (TFA), 2,5-di-
hydroxy-benzoic acid (DHB), 9-amminoacridine (9-AA), a-cyano-4-hydroxy-cinnamic acid (CHCA) were purchased from
Sigma-Aldrich (Milan, Italy). Tetracycline hydrochloride TCH (480.9 g/mol; = 95%) was purchased from Merck (Darmstadt,
Germany). Milli-Q water and isopropyl alcohol (IPA, anhydrous, 99.5%, Sigma Aldrich, Milan, Italy) were used throughout
the experiments.

2.2 Preparation of AgCl/BAC/TCH colloids

First, stock solutions of 10 mM AgNO;, 10 mM BAC, 10 mM and 1 mM TCH were prepared in Milli-Q water. The synthesis
protocol for AgCI/BAC NPs has been previously published [1]. Briefly, 10 mL of AgNO; (10 mM) titrating solution was
added to 10 mL of BAC (10 mM) for the production of 10 mM AgCI/BAC aqueous solutions. Similarly, 10 mM AgCl/NaCl
was prepared by adding AgNO; to 10 mM NaCl in aqueous medium. For AgCI/BAC/TCH, 10 mL of AgNO; (10 mM) titrat-
ing solution were added to a mixture of 9 mL of BAC (10 mM) and 1 mL of TCH (10 mM) (BAC:TCH ratio 9:1). A similar
approach was adopted for the production of the AgCI/NaCl/TCH NPs (NaCl:TCH ratio 9:1).

2.3 TEM and DLS characterization

TEM was performed using a FEl Tecnai 12 instrument (120 kV; filament: LaB,). The AgCI/BAC/TCH and AgCI/TCH NPs
were drop-cast onto copper grids (300 mesh, Agar Scientific) in volumes of 2-3 pL for each sample. Dynamic light scat-
tering (DLS) measurements were performed using a Zetasizer Nano ZS instrument (Malvern Instruments, Ltd., Worces-
tershire, UK). The Zetasizer Nano ZS is equipped with a 4 mW He—Ne laser and an automatic laser attenuator, and with
an avalanche photodiode detector. All measurements were recorded at the scattering angle 8=of 173°; {-potential
measurements at 0 =12.8°. The temperature was set to 25 °C. The hydrodynamic radius (RH) was determined using the
Stokes—Einstein equation.

2.4 MALDI MS characterization

The AgCI/BAC/TCH and AgCI/TCH NPs were pelleted by ultracentrifugation at 14,000 rpm for 30 min. The obtained
pellets were redissolved in 150 pL of pure water; as a control a T mM solution of TCH was also prepared in water. For
MALDI analyses, 5 pL of the resulting solution were mixed with an equal volume of each matrix solution (CHCA, DHB,
9AA 10 mg/mL in 70:30 ACN:0.1% TFA); 1 uL of this solution was then spotted onto a MALDI plate and allowed to dry.
Unless otherwise specified the dried-droplet method was thoroughly used in this work. Analyses also in LDI modality
were carried out. All experiments were performed using a 5800 MALDI ToF/ToF analyzer (AB SCIEX, Darmstadt, Germany)
equipped with a neodymium-doped yttrium lithium fluoride (Nd:YLF) laser (345 nm), in reflector positive or negative
ion mode with a typical mass accuracy of 5 ppm. In MS and MS/MS mode 1000 laser shots were normally accumulated
by a random raster pattern, at laser pulse rate of 400 and 1000 Hz, respectively; mass spectra shown in the following
were averaged on at least five single mass spectra (1000 laser shots each). MS/MS experiments were performed setting
a potential difference of 1 kV between the source and the collision cell; collision-induced dissociation (CID) modality
was activated using argon as the collision gas with a medium pressure of 1076 Torr. The delayed extraction (DE) time was
set at 400 ns. The laser fluences used were fixed close to laser threshold for each matrix within a range of 1.9-2.5 J/m?,
DataExplorer software 4.0 (AB Sciex) was used to control the acquisitions and to perform the initial elaboration of data
while SigmaPlot 11.0 was used to graph final mass spectra.

2.5 Bacterial strains and culture conditions
Gram negative bacteria S. enterica CECT4594, obtained from the Spanish Type Culture Collection (CECT) of University of

Valencia, was prepared with tryptic soy broth (TSB, Oxoid, the UK) at conditions instructed by the provider. It was stored
with 20% glycerol (in TSB) at — 80 °C. One of the stocks cryovial was thawed and plated on tryptic soy agar (TSA, Oxoid,
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the UK). The plates were incubated at 37 °C for 24 h and then stored in fridge at 4 °C. At each use, bacterial suspensions
were prepared by isolated single colonies taken from these plates, and incubated overnight in Mueller Hinton Broth
(MHB, Sigma Aldrich, the USA) at 37 °C. The final concentration of the cultures was adjusted to 0.5 OD (optical density)
in MHB at 500 nm, by a UV-Vis spectrophotometer (Biochrom Libra $60), reaching to 108 CFU/mL.

The Gram-positive bacterium L. parabuchneri DSMZ5987 was obtained from the Leibniz Institute, German Collection
of Microorganisms and Cell Cultures (DSMZ), Niedersachsen, Germany. Bacterial cells were maintained in De Man, Rogosa
and Sharpe (MRS) broth in a microaerophilic environment during incubation at 37 °C for 24 h. At the end of the expo-
nential growth phase, the ODg,, of the bacterial solutions was monitored using a UV-Vis spectrophotometer (Specord
S600, Analytik Jena AG, Germany). Cells were resuspended in fresh MRS medium to reach OD,,=0.7 ready for in situ IR
spectroscopy [32]. The strain was isolated at —80 °C in MRS with 10%,,,, sterile glycerol.

w/v

2.6 Antimicrobial and antibiofilm protocols

The agar well diffusion method [33] was used to study NPs antimicrobial activity. Salmonella enterica bacterial culture
was serially diluted to a final concentration of 10% CFU/mL. 1 mL of this bacterial suspension was mixed with 20 mL of
TSA solution and spread into Petri dishes. A 2 mm hole was created in the agar plate with autoclaved slender tubes and
filled with 20 pL of either antimicrobial or control (sterilized Milli-Q water) solutions. Then, those plates were incubated
at 37 °C for 24 h, to measure the inhibition zones.

The viability assays by determination of CFU counting were conducted prior to real-time infrared studies. The capa-
bility of the AgCl nanoantimicrobials as potential materials to inhibit biofilms has been tested via viable cell standard
quantification method for separating individual cells on an agar plate by growing colonies of bacterial cells, consequently
differentiating dead cells from living biomass and quantifying vital cells [17, 34]. Experimental details can be seen in
supplementary information.

The biofilm formation protocol for HDPE can be found elsewhere [35]. Briefly, S. enterica bacterial strain was used for
the formation of biofilms on HDPE (3 x 2 cm?) coupons. The HDPE coupons were sterilized prior to the experiments using
1000 ppm peracetic acid solution. Bacterial cell suspensions (350 pL, 10° CFU/mL) were inoculated into conical tubes
containing 6 mL of TSA and 50 pL of the prepared NPs (concentration of the NPs used for these experiments resulted
equal to 83 uM). The HDPE coupons were placed in a conical tube and incubated for 48 h at 37 °C. HDPE coupons were
placed such that the HDPE could be exposed to both the solution and the air interface. TSA was used as a control. Crystal
violet staining was used to visually inspect the biofilm formation and eradication steps. After 48 h of incubation, the HDPE
coupons were sequentially removed and washed with phosphate buffer and water. Subsequently, HDPE coupons were
separately placed into crystal violet dye solution (2% crystal violet in 95% ethanol) for 5 min. The coupons were washed
with water to observe the respective locations of biofilm formation.

2.7 Characterization of L. parabuchneri biofilm inhibition using in situ IR-ATR spectroscopy

For the real-time monitoring of L. parabuchneri biofilm growth and inhibitions, experiments were performed by the use
of a customized horizontal flow cell assembly, which consists of a removable top-plate and a trapezoidal horizontal 45°
six-reflection ZnSe crystal with dimensions 72 x 10 x6 mm [32]. The IR-inactive regions of the ATR element were covered
by the spray-coating deposition of AgCl/BAC/TCH/PVMK nanoantimicrobial composite. The identification of IR inactive
regions on the ZnSe waveguide was described elsewhere [36]. The active sensing regions along the ATR element were
in contact with biofilm formed inside the flow-cell, exposed only to the Ag™ ions released by the neighboring regions
(3x0.5 mm spots of nanoantimicrobials deposition, 0.5 mm thickness) [32]. The IR experiments for the long-term moni-
toring of biofilms were carried out separately: first, with a ZnSe crystal modified with the AgCl/BAC/TCH/PVMK coating;
secondly, with a bare ZnSe waveguide.

The flow-cell setup is connected to the FTIR-ATR multireflection compartment of the Tensor Il infrared spectrometer
(Bruker Optics, Etlingen, Germany) and a peristaltic pump (Watson Marlow Series 400, Cornwall, UK) with silicon tubing
and Luer-lock assemblies. The flow cell was mounted in the multi-reflection compartment sample chamber of the infrared
spectrometer. Prior to real-time measurements, the crystal was cleaned in a UV light chamber using intense ultraviolet
light. Afterwards, the mounted cells were cleaned with ethanol and rinsed with sterilized water for half an hour. The MRS
conditioning film was recorded as the background spectrum for subsequent L. parabuchneri biofilms to minimize water
interference. The sterilized MRS medium was flushed into the system for 3 h with a delay of 5 min between measure-
ments at a flow rate of 0.7 mL/min, which resulted in a residence time within the flow cell of ~ 150 s. After recording the
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conditioning film background, the MRS media were replaced with a bacterial solution (ODg4,,=0.7) for 2 h at a 0.7 mL/
min flow rate with a 10 min delay between measurements. This period was optimized on the basis of the required time
for initiating the attachment of L. parabuchneri biofilms at the ZnSe waveguide [37, 38]. After 2 h of initial attachment
of L. parabuchneri, sterile MRS medium was pumped again through the FTIR-ATR assembly cell for 24 h at a 0.5 mL/min
flow rate. Dynamic flow conditions were necessary to monitor the growth dynamics of L. parabuchneri biofilms. Based
on the previous studies from D. Bajrami et al., continuous 0.7 mL/min flow rate is optimized for the initial attachment of
L. parabuchneri biofilms to the ZnSe waveguide [37, 38]. IR signature of biofilms becomes apparent after 2 h from the
beginning of the experiment, confirming the initial attachment has occurred. The associated increase of the related IR
absorption features related to biofilm constituents such as amides and extracellular polymeric substances are distinct
indicators of bacterial adhesion and L. parabuchneri biofilm growth [32]. The fresh MRS solution medium washed out
the free cells that had not attached and delivered nutrients to the microorganisms. The spectra were recorded at 2 cm™
resolution with 100 averaged spectra in the infrared region of 4000-400 cm™' (1700-989 cm™" region of interest). Data
acquisition was performed using Bruker OPUS™ 8.1 software (Bruker, Ettlingen, Germany). Spectra were all converted
into Excel datasets using Essential FTIR software (Operant LLC, Madison, WI, USA) and elaborated in the OriginLab soft-
ware package (OriginLab Corp., Northampton, MA, USA). The IR spectra of the L. parabuchneri biofilms were recorded
at 22+ 1 °Cin an air-conditioned room. The plots of the integrated peak values (IPVs) were calculated from FTIR spectra
based on six spectral regions: amide | (1700-1616 cm™"), amide Il (1578-1476 cm™"), amide Ill (1350-1200 cm™"), nucleic
acid (1280-1175 cm™), and EPS (1138-989 cm™') versus time.

3 Results and discussion
3.1 Characterization of AgCl/TCH and AgCl/BAC/TCH nanocolloids (NCs)

Initially, TEM characterization was carried out to study the morphology of AgCl NPs. Typical TEM micrographs of 1T mM
AgCI/TCH are reported in Fig. 1a—c, which show spheroidal AgCl nanoparticles with an average diameter of 40+ 15 nm
(Fig. 1d). To the best of our knowledge, the formation of AgCl NPs from AgNO; and TCH is a novelty, as the previous
literature does not seem to have explored this combination extensively. On the other hand, the formation of NPs is
commonly reported in the presence of surfactants [1, 39]. Moreover, TEM shows a grayish layer over individual and
aggregated particles, which can be attributed to free TCH molecules in the solution which appeared due to desiccation
process of samples before TEM characterization. TEM morphology of 10 mM AgCI/BAC/TCH is shown in Fig. 1e—g, with
an average diameter of 45+ 10 nm AgCl NPs (Fig. 1h), stabilized by BAC molecules. AgCl/BAC/TCH showed improved
stability and reduced NPs aggregation compared to AgCI/TCH colloidal system. AgCl NPs size distributions over 20 nm
limit nanotoxicity and support their real-life applications.

In view of AgCI/TCH application in real-life products, AgCI/TCH and AgCI/BAC/TCH NPs were subjected to DLS char-
acterization. Furtherly, to evaluate colloidal stability, AgCl/TCH and AgCl/BAC/TCH were diluted with PBS buffer. AgCI/
TCH system showed a peak in the volume-weighted size distribution at approximately 1600 nm with a wide size distri-
bution (Fig. S1a) and a -(10+ 1) mV {-potential value. The obtained value indicates an unstable system that is likely to
precipitate over time. This instability could be attributed to the presence of a partial amount of free TCH in the solution,
as discussed earlier. Buffer-diluted AgCI/TCH showed an average size of approximately 900 nm (Fig. S1b) with a slightly
narrower distribution than bare AgCI/TCH, and a highly negative (-potential of -(30+ 5) mV, indicating that the AgCI/TCH
are stable in buffer solution possible due to ionic strength effect. The AgCl/BAC/TCH colloid showed an average hydrody-
namic diameter of 60+ 5 nm (Fig. S1c) with a narrow size distribution, and highly positive (-potential of 45 + 2 mV. Buffer
diluted AgCl/BAC/TCH showed a bit wider size distribution (Fig. S1d) and a reduced (-potential of 20+ 7 mV if compared
to the pristine colloid. When AgCl nanoparticles are dispersed in phosphate buffer, the {-potential tends to decrease
due to the sorption or complexation of phosphate anions on the surface of the nanoparticles. For citrate-capped AgNPs,
it was demonstrated that in the presence of phosphate buffer, the aggregation kinetics were affected by monovalent
and divalent electrolytes, leading to changes in critical coagulation concentrations and subsequent NPs behavior [40].
The negative charge on the AgCl/TCH surface does not allow phosphate adsorption, further decreasing the (-potential.
Conversely, in the case of AgCI/BAC/TCH, the positive surface charge facilitates interaction and complexation, reducing
stability in buffer solution, as can be seen by the wider DLS distribution. We are here considering the “rule of thumb”
that {-potential values higher than £ 30 mV are sufficient to prevent colloid aggregation, and provide information on the
long-time stability of our colloidal system [41].
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Fig. 1 a-cTEM images and d Histogram of 1mM AgCI/TCH. e-g TEM images and h Histogram of 10mM AgCIl/BAC/TCH

In order to investigate the coordination of AgCl NPs with the TCH molecules, MALDI mass spectrometry charac-
terization was carried out. First, the desorption/ionization efficiency of representative matrices was evaluated by using
the aqueous solution of TCH 1 mM. Fig. S2 displays the MALDI MS spectra in positive (a, b) and negative (c) ion mode,
using DHB (2,5-di-hydroxy-benzoic acid, a), CHCA (a-cyano-4-hydroxy-cinnamic acid, b), and 9AA (9-Aminoacridine, c)
as matrices in the range 100-800 m/z. In all cases, the base peak observed in the spectra is assigned to matrix-related
ions, alongside other peaks identified as matrix-dimers, trimers also including sodium and potassium adducts indicated
with an asterisk. However, TCH was detected as a protonated adduct ([M +H]*) at m/z 445.16 in Fig. S2 (a,b) where M
corresponds to the neutral compound. When using DHB, sodiated and potassiated adducts were also generated while
with 9AA deprotonated molecule at m/z 443.15 together with a demethylated adduct at m/z 427.12 were observed.
Interestingly, the lower laser fluence required for CHCA reduces the energy of intermolecular collisions, thus limiting
adducts and fragment formation and originating the analyte signal with a good signal-to-noise (S/N) ratio. For these
reasons, CHCA was selected for further analyses. To evaluate the global composition of colloidal NPs and the effective
antibiotic interaction/stability within the whole system, AgCI/TCH and AgCIl/BAC/TCH were pelleted and analyzed by
MALDI MS in positive ion mode (Fig. 2).

In the AgCI/TCH NPs the signal of TCH was successfully detected at m/z 445.16 as protonated adduct together with
already observed interfering matrix-related ions (see figure S2). In AgCI/BAC/TCH NPs, unfortunately, the TCH signal
was suppressed by benzyl-dimethyl-hexadecyl-ammonium ion [C,cH,¢N]* at m/z 360.36, which efficiently ionized due
to the permanent charge of quaternary ammonium (note a small fragment due to the loss of two methyl groups at m/z
332.33). The TCH peak at m/z 445.16 was indeed present but at very low intensity (see inset in the Fig. 2b). To confirm
the correct attribution of the peak related to TCH, MS/MS spectra were collected on the isolated ion at m/z 445.16 and
compared to tandem mass spectrum of the standard antibiotic (Fig. S3). At the end, the MALDI characterization allowed
us to conclude that the TCH was efficiently included in the investigated colloidal systems.

3.2 Antimicrobial activity of AgCl/TCH and AgCI/BAC/TCH NCs

Preliminarily, the well-known conventional Agar well diffusion method was used to evaluate the antimicrobial properties
of all the colloidal systems. Samples containing AgCl and NaCl were prepared as positive controls in absence of either BAC

@ Discover



Discover Nano (2024) 19:100 | https://doi.org/10.1186/511671-024-04043-3 Research

Fig.2 Positive MALDI MS 100 DAGCI/TCH 379.06 CHCA
spectra of a AgCl/TCHand b
AgCI/BAC/TCH by using CHCA 80
as a matrix. Interfering matrix-
related peaks are labelled with 60
an asterisk [M#HT"
~
g 445.16
E *
g 20 * t «
.g 0 l L Ly l Alll A |
a (T [RARRARR] AR IR [RRRRRARAA IARRARRARN 1
< 100 200 300 400 500 600 700 800
>
% b)AgCI/BAC/ITCH +
T 100 360.36 BA [M+HT"
© 445.16
80
60
40
T
20 /445 450
0 1

500 600 700 800

or TCH, to keep the amount of CI~ counterions constant in all the samples. The following systems were tested against S.
enterica: 10 mM AgCIl/BAC/TCH 10 mM AgCl/NaCl/TCH, 10 mM AgCI/BAC, 10 mM AgCl/NaCl, 10 mM TCH, and 1 mM TCH
(Fig. 3). Addition of 1 mM TCH into 10 mM AgCl/BAC and AgCl/NaCl nanocolloids allowed reaching an inhibition zone
diameter of 18.0+ 1.5 mm (10 mM AgCI/BAC:TCH) and 17.0+ 1.5 mm (AgCl/NaCI:TCH), respectively. Without the inclu-
sion of 1 MM TCH, 10 mM AgCI/BAC, and AgCl/NaCl NPs showed inhibition zone diameters of 11 +£2 mm and 8 +2 mm,
respectively. As expected, higher activity was observed for 10 mM TCH (19 £2 mm) than for 1 mM TCH (6 £2 mm) and
1 mM AgCl/TCH (7 £2 mm). All results are summarized in Table 1. It is worth underlining that the 10 mM AgCIl/BAC/TCH
system exhibited almost the same activity as 10 mM TCH, and a clearly higher antimicrobial activity than 10 mM AgCl/
BAC and 10 mM AgCl/NaCl NPs. Additionally, either T mM AgCI/TCH or T mM TCH were not enough to exert sufficient
antimicrobial activity; on the contrary, when T mM TCH was included in the 10 mM AgCIl/BAC/TCH system, the antimicro-
bial efficacy reached the level of the 10 mM TCH system. This phenomenon can be attributed to the antibiotic addition
in the system, which synergistically improves the antimicrobial performance of both AgCI/BAC and AgCl/NaCl NPs. The
AgCl/BAC/TCH system is preferred over AgCl/NaCl/TCH because BAC moieties are able to provide sufficient protection
to AgCl from photodegradation, and improve their stability over time [1, 16].

The viability reduction of the foodborne pathogenic bacteria S. enterica in the means of the optical density val-
ues (OD =600 nm) was evaluated for the AgCl/BAC/TCH nanocolloidal solutions added in the bacterial suspensions.

Fig.3 Antimicrobial susceptibility well diffusion assay: a 10 mM AgCl/BAC/TCH and 10 mM AgCl/NaCl/TCH; b 10 mM AgCIl/BAC and 10 mM
AgCl/NaCl, and ¢ 10 MM TCH and 1 mM TCH against S. enterica on tryptic soy Agar (TSA)
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Table 1 Summary of zone of

inhibition diameters of NPs Samples iﬁ:ﬁi?iin
and TCH antibiotics (mm)
10 mM AgCI/BAC/TCH 18.0£1.5
10 mM AgCl/NaCl/TCH 17.0£15
10 mM AgCl/BAC 112
10 mM AgCl/NaCl 8+2
10 MM TCH 19+£2
1 mM AgCl/TCH 7+2
1 mMTCH 6+2

The reduction in vitality, indicated by the OD values, was observed when comparing S. enterica as the positive control
(ODgop=0.75) to the TCH antibiotic alone (OD600=0.15) and surfactant BAC (OD¢,,=0.7) with synthesized AgCl/BAC
nanocolloids (ODg4,,=0.24). Notably, the highest vitality reduction was observed with the synergistic system AgCl/BAC/
TCH (ODygy,=0.06) significantly proving the super nonantimicrobial nature of such system in the direction of total inhibi-
tion of bacterial growth. Figure S4 displays CFU counting plates illustrating the colonies corresponding to viability reduc-
tion against the bacterial strain S. enterica. Tab. S1 shows the CFU counting values of the bacterial strain after treatment
with AgCI/BAC/TCH, AgCI/BAC, TCH and BAC compared to S. enterica, without antimicrobial treatment. The CFU/mL was
used to quantify the viable cells and showed a total inhibition activity of inoculum detected after treatment with AgCl/
BAC/TCH compound for each bacterial strain. The distinguished low number of CFU counts for the TCH itself, highlight
its pivotal role in precisely quantifying viable cells, reflecting the potent antimicrobial activity of the synergistic AgCl/
BAC/TCH system. The absence of colonies observed for Gram-negative S. enterica after treatment with AgCI/BAC/TCH
nanocolloidal solution indicates no viable cells, affirming the effectiveness of the antimicrobial treatment.

The minimum inhibition concentration MIC value we found for TCH antibiotic alone (against S. enterica) is compatible
with literature one, and equal to 5 pg/mL [42]. The minimum inhibitory concentration (MIC) of AgCI/BAC against the
Gram-negative bacterium S. enterica CECT4594 strain was determined to be 8 ug/mL. However, the addition of TCH to
the AgCI/BAC formulation resulted in increased efficiency, with the lowest MIC value observed at 1.4 pg/mL against the
same strain. In contrast, susceptibility tests against the Gram-positive bacterium L. parabuchneri DSMZ 5987 revealed
a MIC value of 13 pg/mL for AgCl/BAC. Remarkably, the combination of AgCI/BAC/TCH exhibited the lowest MIC value
overall, at 1.7 ug/mL. The standard control test involving the surfactant alone, conducted for both strains, yielded an MIC
value of 256 pg/mL, representing the minimum inhibitory concentration of BAC.

3.3 Antibiofilm activity of AgCI/BAC/TCH NCs

The industrial biofilm investigation protocol was performed using 10 mM AgCI/BAC/TCH NPs and 10 mM TCH for the
formation of foodborne pathogenic S. enterica biofilms. Figure 4a shows biofilm detection and formation without the
involvement of any NPs or antibiotics; Antibiofilm activity was evaluated following crystal violet staining protocol (CV
assay) applied on the high density polyethylene (HDPE) surfaces. The stained areas indicated the biofilm presence, while
the areas which stayed clear verified the absence of its growth [37, 43]. In the present study, it appears that without anti-
microbial NPs in the bacterial suspension, S. enterica (S. E.) bacteria formed both areal and strong interfacial biofilms on
the HDPE coupon. In this case, bacteria grew significantly in the liquid medium (turbid solution, data not shown); hence,
they tended to attach to the HDPE surface. In regard to the addition of either 10 mM AgCI/BAC/TCH NPs or 10 mM TCH
antibiotic in the bacterial suspension, the effects of Ag* ions, BAC surfactant, and antibiotic molecules are combined, thus
inhibiting sufficiently bacterial growth in the liquid medium, and resulting in inhibited biofilm formation at the HDPE
surface (Fig. 4b). This result is comparable to the activity of 10 mM TCH antibiotic on HDPE coupons (Fig. 4c).

3.4 Insitu IR-ATR biofilm inhibition study by AgCl/BAC/TCH/PVMK coating
The combined use of nanoantimicrobials and antibiotics is a robust emerging strategy to reduce microbial infections

and to potentiate the high antimicrobial activity of such nano-formulated systems [44, 45]. The novel idea to use tradi-
tional antibiotics such as tetracycline hydrochloride (TCH) in combination with AgClI/BAC nanoantimicrobials is a great
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Fig.4 HDPE coupons into S. a
enterica bacterial suspension:
biofilm formation (a), biofilm
eradication by 10 mM AgCl/
BAC/TCH (b), and 10 MM TCH
(c)

S. E biofilm formation

AgCI/BAC/TCH, S. E biofilm
eradication

TCH, S. E biofilm eradication

alternative over conventional antibiotics to overcome biofilm-associated AMR with low toxicity to human health [46].
In this section, the study aimed at screening molecular changes in bacterial biofilms influenced by the combination of
BAC and TCH for anti-biofilm activity against L. parabuchneri biofilms.

IR-ATR spectroscopy is a versatile analytical method for studying microbial biofilms in real-time conditions at molecular
level [38, 47, 48]. In situ IR studies of biofilm formation and inhibition on the surfaces of both bare and AgCI/BAC/TCH/
PVMK-modified ZnSe crystals provided an overview of the fundamental mechanisms involved in biofilm attachment and
disruption. A suspension of L. parabuchneri DSMZ5987 in the stationary growth phase in sterile MRS media was used for
the biofilm formation experiment on bare and patterned ZnSe crystals. During the inoculum of microbial suspension into
the flow system, the accumulation at the ZnSe crystal surface and the increase of the microbial coverage was evident
through the increase of the assigned infrared bands related to the absorption features of the L. parabuchneri biofilms [37].
Spectra were recorded at 10-min intervals under continuous flow conditions (0.7 mL/min flow rate of peristaltic pump)
for periods up to 24 h. All the vibrational bands revealed signature of the characteristic constituents for the microbial cell
wall membrane, ribosomes, nucleotides, capsule, peptidoglycan [38]. The continuous increase of the biofilm biomass
[32] for the blank experiment in absence of antimicrobial agents is compared to the results obtained on the AgCI/BAC/
TCH/PVMK-modified ZnSe crystal. The spectra obtained as a function of time for L. parabuchneri biofilm inhibition on
the waveguide modified by AgCI/BAC/TCH/PVMK coating are shown in Fig. 5. A comparison between the spectra after
8, 16, and 24 h of biofilm monitoring with their corresponding band attributions is observed.

By plotting integrated peak values (IPVs) as a function of time for the five spectral areas of infrared bands asso-
ciated to amide | (1700-1616 cm™'), amide Il (1578-1476 cm™'), lactate production (1465-1293 cm™"), amide IlI
(1350-1200 cm™"), nucleic acid (1280-1175 cm™'), and extracellular polymeric substance (EPS) (1038-989 cm™'),
it is possible to monitor the molecular changes indicating microbial adhesion and biofilm growth [32]. Using the
pristine ZnSe crystal, during the initial biofilm growth stages, the constant accumulation of biomass at the bare
waveguide surface was apparent, and an increase in bacterial coverage was associated to the increase in IPV values
for the corresponding vibrational bands (Fig. 6a). The levels of amide | tended to increase rapidly after 5 h of biofilm
monitoring. It is evident that EPS and amide Il levels significantly increased as a function of time, showing similar
IPVs values. The inflation of the amide Il band is characteristic of bacterial colonization of the crystal surface [49].
After approximately 4 h, the amount of EPS and amide Il appeared to be reduced, increasing the surface coverage;
therefore, the unoccupied areas of the waveguide surface could be considered negligible. The level of nucleic acid/
amide Il band remained almost constant after first 2 h, suggesting that amide bond in membrane proteins and
fatty acid chains gave rise to prominent bands [50]. Accordingly, fewer nucleic acids were synthesized compared
to lipopolysaccharides during the attachment of bacteria for 24 h. Despite this, the nucleic acid content started to
slightly increase after 12 h.
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Fig.5 Temporal evolution
of relevant IR bands for L.
parabuchneri biofilm inhibi- Amide |
tion on the waveguide modi- 0.06
fied by AgCI/BAC/TCH coating
in inactive sensing regions.
Infrared ATR spectra of 8 h of
biofilm inhibition (black lines);
16 h of biofilm inhibition
(green lines); and 24 h (blue
line) of L. parabuchneri. Signal
attributions are highlighted
by arrows
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The same experiment was repeated on the AgCl/BAC/TCH/PVMK-modified ATR crystals (Fig. 6b). In this case, the nonan-
timicrobial coating was carefully deposited only on IR-inactive regions of the waveguide. The examined biofilm spots were
exposed only to Ag™ species released by neighboring regions, without direct contact with antimicrobial nanoparticles
(NPs). The inhibition of L. parabuchneri biofilm growth by the AgCl composite film demonstrates a biostatic action [32],
as Ag™ released by the coating penetrate the cell membrane wall, leading to disruption of the cell structure and disorder
in its organization. Therefore, a lower surface coverage was visible on the ZnSe waveguide surface, and the process of
biofilm growth was delayed over time. The presence of the antimicrobial coating will induce stress accompanied with a
hinder of L. parabuchneri biofilm growth through cellular membrane perturbation [51]. The amide | band at 1645 cm™,
(Uc—o coupled with vy, is relevant to an increase in membrane lipids and fatty acid contents in microbial cells [52]. A
sharp decrease of the amide Il band at 1547 cm™' instead, is associated with the removal of biofilm portions from the
colonized ZnSe surface [53]. Surprisingly, the steady increase of the amide | and amide Il band and the slight shift after
the first 8 h, confirm that the recolonization of some spots along the ZnSe crystal may be occurred. The prominent IPVs
decrease in the EPS band is due to the gradual antifouling effect of the AgCl/BAC/TCH/PVMK coating (Fig. 6b). The level
of the nucleic acid/amide lll band dropped in the first 2 h and then remained constant for the whole monitored period.

The extracellular polymeric matrix (EPS) consists of different components, such as glycogen, phosphodiester, phos-
phorylated proteins, phospholipids, and polyphosphate products [54]. The symmetric stretching vibrations of carbohy-
drates (U, o Usc_o) at 1124 cm™ and symmetric stretching vibrations of phosphates (0spo;) at 1083 cm™', seenin Fig. 5,
are spectral changes responsible for peptidoglycan, nucleoid and lipopolysaccharides in general, as the main cellular
components of L. parabuchneri biofilms [32, 55, 56]. Under real-time conditions, it was observed that the band vp_g at
1645 cm™, related to EPS content, dropped drastically after 8 h and reached zero within approximately 14 h (Fig. 6b).
Symmetric stretching vibrations of phosphoryl groups around 990 cm™ (U, Up_q_p), identified as the functional con-
stituent of ribosome skeleton (ARN), are related to metabolic changes inside the biofilms [38]. This indicates a complete
biofilm eradication from the ZnSe surface, as the EPS is considered the main molecular component responsible for
bio-adhesion onto surfaces [57, 58]. The biostatic effect of the AgCl/BAC/TCH/PVMK nonantimicrobial coating, issued
by BAC as a well-known disinfecting and stabilizing material in combination with TCH antibiotic, serves as the basis
for a complete eradication of food-contaminant L. parabuchneri biofilms. Thus, the reduced presence of intercellular
components is directly associated with the disruption of L. parabuchneri bacterial membranes and partial inhibition of
biofilm proliferation. The formulation of such synergistic nanoantimicrobials potentially limits the possibility of antibiotic
resistance, thereby effectively hindering microbial biofilms.

@ Discover



Discover Nano (2024) 19:100

| https://doi.org/10.1186/511671-024-04043-3

Research
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We developed a scalable, green, facile, and fast route to produce antimicrobial and antibiofilm materials combining
bioactive AgCl nanoparticles, a renowned disinfecting agent, such as benzalkonium chloride, and a conventional anti-
biotic molecule, i.e. tetracycline. Conventional agar well diffusion antimicrobial test and industrial biofilms investigation
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protocol support the fact that 10 mM AgCI/BAC/TCH NPs can be considered potential agents for the inhibition or eradi-
cation of food pathogenic S. enterica sessile bacteria and biofilms. Moreover, L. parabuchneri microbial biofilm growth
inhibition was monitored via in situ flow FTIR-ATR spectroscopy, which supported the potentiality of the proposed
system. The proposed mild and active AgCl NPs, with sizes greater than 20 nm, might overcome nanotoxicity issues. The
addition of biosafe and bioactive BAC further improved NP stability and exerted synergistic antimicrobial and antibiofilm
effects. Notably, the inclusion of TCH antibiotic remarkably enhanced the antimicrobial and antibiofilm activities of such
green system. This work reveals that 9:1 ratio of BAC and TCH containing AgCl NPs brings improved antimicrobial and
antibiofilm activity. These phenomena draw a potential route which outline the necessity to drastically lower antibiotic
addition into metal NPs. The prepared hybrid antibacterial system could improve synergistic bacteriostatic and bacte-
ricidal action, provide reduction in therapeutic doses, overcome nanotoxicity and dose related toxicity issues, reduce
treatment duration, and fight antimicrobial resistance.

Acknowledgements This study was conducted within PhD research studies of Syed Imdadul Hossain at the University of Bari Aldo Moro, the
academic research stay at the University of Ulm, and during his industrial secondment at ASINCAR. Gerardo Palazzo at University of Bari Aldo
Moro is gratefully acknowledged for DLS characterizations.

Author contributions S. I. Hossain: Investigation, Writing—Original Draft, D. Bajrami: Investigation, Writing—Original Draft, N. Altun: Investiga-
tion, M. I1zzi: Writing—Review & Editing, Investigation, C. D. Calvano: Writing—Review & Editing, Methodology, Investigation, M. C. Sportelli:
Writing—Review & Editing, Methodology, Investigation, L. Gentile: Investigation, R.A. Picca: Investigation, P. Gonzalez: Investigation, B. Miz-
aikoff:, Supervision, Writing—Review & Editing, N. Cioffi: Conceptualization, Supervision, Writing—Review & Editing.

Funding This work is part of the “Break Biofilms” project, which has received funding from the European Union’s Horizon 2020 research and
innovation program under the Marie Sktodowska Curie Grant Agreement No. 813439. M.C.S. acknowledges the financial support from Fondo
Sociale Europeo “Research for Innovation (REFIN)”; project n® 435A866B.

Availability of data and materials Not applicable.

Code availability Not applicable.

Declarations

Competing interests The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this research article.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Hossain SI, Sportelli MC, Picca RA, Gentile L, Palazzo G, Ditaranto N, Cioffi N. Green synthesis and characterization of antimicrobial syner-
gistic AgCl/BAC nanocolloids. ACS Appl Bio Mater. 2022;5:3230-40. https://doi.org/10.1021/acsabm.2c00207.

2. SambhyV, MacBride MM, Peterson BR, Sen A. Silver bromide nanoparticle/polymer composites: dual action tunable antimicrobial materi-
als.J Am Chem Soc. 2006;128:9798-808. https://doi.org/10.1021/ja061442z.

3. Majumder S, Naskar B, Ghosh S, Lee C-H, Chang C-H, Moulik SP, Panda AK. Synthesis and characterization of surfactant stabilized nanocol-
loidal dispersion of silver chloride in aqueous medium. Colloids Surf A. 2014;443:156-63. https://doi.org/10.1016/j.colsurfa.2013.10.064.

4. Jack A, Campbell CThe threat of antibiotic resistance—in charts, (2020). https://www.ft.com/content/d806dcf5-23f8-4714-ad04-cal1a
66061e2 (accessed January 23,2021).

5. Tripathi N, Goshisht MK. Recent advances and mechanistic insights into antibacterial activity, antibiofilm activity, and cytotoxicity of
silver nanoparticles. ACS Appl Bio Mater. 2022;5:1391-463. https://doi.org/10.1021/acsabm.2c00014.

6. lzzi M, Oliver M, Mateos H, Palazzo G, Cioffi N, Mir6 M. Analytical probing of membranotropic effects of antimicrobial copper nanoparticles
on lipid vesicles as membrane models. Nanoscale Adv. 2023;5:6533-41. https://doi.org/10.1039/D3NAO0608E.

7. Shekhar S, Gautam S, Sharma B, Sharma S, Das PP, Chaudhary V. Deciphering the pathways for evaluation of nanotoxicity: stumbling
block in nanotechnology. Clean Eng Technol. 2021;5:100311. https://doi.org/10.1016/j.clet.2021.100311.

8. Boczkowski J, Hoet P. Whats new in nanotoxicology? Implications for public health from a brief review of the 2008 literature. Nanotoxicol-
0gy. 2010;4:1-14. https://doi.org/10.3109/17435390903428844.

@ Discover


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/acsabm.2c00207
https://doi.org/10.1021/ja061442z
https://doi.org/10.1016/j.colsurfa.2013.10.064
https://www.ft.com/content/d806dcf5-23f8-4714-ad04-ca11a66061e2
https://www.ft.com/content/d806dcf5-23f8-4714-ad04-ca11a66061e2
https://doi.org/10.1021/acsabm.2c00014
https://doi.org/10.1039/D3NA00608E
https://doi.org/10.1016/j.clet.2021.100311
https://doi.org/10.3109/17435390903428844

Discover Nano (2024) 19:100 | https://doi.org/10.1186/511671-024-04043-3 Research

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Marambio-Jones C, Hoek EMV. A review of the antibacterial effects of silver nanomaterials and potential implications for human health
and the environment. J Nanopart Res. 2010;12:1531-51. https://doi.org/10.1007/5s11051-010-9900-y.

Hossain SI, Kukushkina EA, 1zzi M, Sportelli MC, Picca RA, Ditaranto N, Cioffi N. A review on montmorillonite-based nanoantimicrobials:
state of the art. Nanomaterials. 2023;13:848. https://doi.org/10.3390/nano13050848.

Izzi M, Sportelli MC, Torsi L, Picca RA, Cioffi N. Synthesis and antimicrobial applications of ZnO nanostructures: a review. ACS Appl Nano
Mater. 2023;6:10881-902. https://doi.org/10.1021/acsanm.3c01432.

. Sportelli MC, Picca RA, Cioffi N. Recent advances in the synthesis and characterization of nano-antimicrobials. TrAC Trends Anal Chem.

2016;84:131-8. https://doi.org/10.1016/j.trac.2016.05.002.

. Anderson K, Butler E, Anderson D, Woolley E. The solubility of silver chloride and the concentrations of silver-containing species in ethanol-

water mixtures. J Phys Chem. 1967. https://doi.org/10.1021/j100870a601.

Li C, Zhang X, Whitbourne R. In vitro antimicrobial activity of a new antiseptic central venous catheter. J Biomater Appl. 1999;13:206-23.
https://doi.org/10.1177/088532829901300303.

Kubasheva Z, Sprynskyy M, Railean-Plugaru V, Pomastowski P, Ospanova A, Buszewski B. Synthesis and antibacterial activity of (AgCl, Ag)
NPs/diatomite hybrid composite. Materials. 2020;13:3409. https://doi.org/10.3390/ma13153409.

Panda AK. Surfactant-assisted synthesis and characterization of stable silver bromide nanoparticles in aqueous media. Langmuir.
2012;28:9906-9906. https://doi.org/10.1021/1a3021673.

Bajrami D, Hossain SI, Barbarossa A, Sportelli MC, Picca RA, Gentile L, Mastrolonardo F, Rosato A, Carocci A, Colabufo NA, Mizaikoff B,
Cioffi N. A scalable route to quaternary ammonium-functionalized AgCl colloidal antimicrobials inhibiting food pathogenic bacteria and
biofilms. Heliyon. 2024;10:e25260. https://doi.org/10.1016/j.heliyon.2024.e25260.

Kukushkina EA, Hossain SI, Sportelli MC, Ditaranto N, Picca RA, Cioffi N. Ag-based synergistic antimicrobial composites. A critical review.
Nanomaterials. 2021;11:1687.

Panéacek A, Smékalova M, Kilianova M, Prucek R, Bogdanova K, Vecefova R, Kolaf M, Havrdova M, Ptaza GA, Chojniak J, Zbofil R, Kvitek L.
Strong and nonspecific synergistic antibacterial efficiency of antibiotics combined with silver nanoparticles at very low concentrations
showing No cytotoxic effect. Molecules. 2016;21:26. https://doi.org/10.3390/molecules21010026.

Duan H, Zhang X, Li Z, Yuan J, Shen F, Zhang S. Synergistic effect and antibiofilm activity of an antimicrobial peptide with traditional
antibiotics against multi-drug resistant bacteria. Microb Pathog. 2021;158:105056. https://doi.org/10.1016/j.micpath.2021.105056.
Guerra W, de Azevedo AE, de Monteiro SAR, Bucciarelli-Rodriguez M, Chartone-Souza E, Nascimento AMA, Fontes APS, Moyec LL,
Pereira-Maia EC. Synthesis, characterization, and antibacterial activity of three palladium(ll) complexes of tetracyclines. J Inorg Biochem.
2005;99:2348-54. https://doi.org/10.1016/j.jinorgbio.2005.09.001.

Predoi D, Popa CL, Chapon P, Groza A, Iconaru SL. Evaluation of the antimicrobial activity of different antibiotics enhanced with silver-
doped hydroxyapatite thin films. Materials. 2016;9:778. https://doi.org/10.3390/ma9090778.

McShan D, Zhang Y, Deng H, Ray PC, Yu H. Synergistic antibacterial effect of silver nanoparticles combined with ineffective antibiotics on
drug resistant salmonella typhimurium DT104. J Environ Sci Health C. 2015;33:369-84. https://doi.org/10.1080/10590501.2015.1055165.
Khurana C, Vala AK, Andhariya N, Pandey OP, Chudasama B. Antibacterial activities of silver nanoparticles and antibiotic-adsorbed silver
nanoparticles against biorecycling microbes. Environ Sci Process Impacts. 2014;16:2191-8. https://doi.org/10.1039/C4EM00248B.

Alavi M, Karimi N. Antibacterial, hemoglobin/albumin-interaction, and molecular docking properties of phytogenic AgNPs functionalized
by three antibiotics of penicillin, amoxicillin, and tetracycline. Microb Pathog. 2022;164:105427. https://doi.org/10.1016/j.micpath.2022.
105427.

Jajere SM. A review of Salmonella enterica with particular focus on the pathogenicity and virulence factors, host specificity and antimi-
crobial resistance including multidrug resistance. Vet World. 2019;12:504-21.

Diaz M, Ladero V, Redruello B, Sanchez-Llana E, del Rio B, Fernandez M, Martin MC, Alvarez MA. A PCR-DGGE method for the identification
of histamine-producing bacteria in cheese. Food Control. 2016;63:216-23. https://doi.org/10.1016/j.foodcont.2015.11.035.

Sarquis A, Bajrami D, Mizaikoff B, Ladero V, Alvarez MA, Fernandez M. Characterization of the biofilms formed by histamine-producing
Lentilactobacillus parabuchneri strains in the dairy environment. Foods. 2023;12:1503. https://doi.org/10.3390/foods12071503.

Festa R, Ambrosio RL, Lamas A, Gratino L, Palmieri G, Franco CM, Cepeda A, Anastasio A. A study on the antimicrobial and antibiofilm
peptide 1018-K6 as potential alternative to antibiotics against food-pathogen Salmonella enterica. Foods. 2021;10:1372. https://doi.org/
10.3390/foods10061372.

Cervantes-Huaman BRH, Ripolles-Avila C, Mazaheri T, Rodriguez-Jerez JJ. Pathogenic mono-species biofilm formation on stainless steel
surfaces: quantitative, qualitative, and compositional study. LWT. 2022;159:113211. https://doi.org/10.1016/j.lwt.2022.113211.

Izzi M, Sportelli MC, Picca RA, Cioffi N. Electrochemical synthesis and analytical characterization of hybrid zinc/calcium antimicrobial
nano-oxides for cultural heritage applications. ChemElectroChem. 2023;10:202201132. https://doi.org/10.1002/celc.202201132.
Hossain SI, Bajrami D, Sportelli MC, Picca RA, Volpe A, Gaudiuso C, Ancona A, Gentile L, Palazzo G, Ditaranto N, Mizaikoff B, Cioffi N. prepa-
ration of laser-ablated Ag nanoparticle-MMT clay-based beeswax antibiofilm coating. Antibiotics. 2023;12:194. https://doi.org/10.3390/
antibiotics12020194.

Balouiri M, Sadiki M, Ibnsouda SK. Methods for in vitro evaluating antimicrobial activity: a review. J Pharmaceut Anal. 2016;6:71-9. https://
doi.org/10.1016/j.jpha.2015.11.005.

Pettit RK, Weber CA, Kean MJ, Hoffmann H, Pettit GR, Tan R, Franks KS, Horton ML. Microplate alamar blue assay for Staphylococcus epider-
midis biofilm susceptibility testing. Antimicrob Agents Chemother. 2005;49:2612-7. https://doi.org/10.1128/aac.49.7.2612-2617.2005.
Lee A, Park S, Yoo J, Kang J, Lim J, Seo Y, Kim B, Kim G. Detecting bacterial biofilms using fluorescence hyperspectral imaging and various
discriminant analyses. Sensors. 2021;21:2213. https://doi.org/10.3390/521062213.

Dobbs GT, Mizaikoff B. Shining new light on old principles: localization of evanescent field interactions at infrared—attenuated total
reflection sensing interfaces. Appl Spectrosc. 2006;60:573-83. https://doi.org/10.1366/000370206777670585.

Bajrami D, Fischer S, Barth H, Hossain Sl, Cioffi N, Mizaikoff B. Antimicrobial efficiency of chitosan and its methylated derivative against
Lentilactobacillus parabuchneri biofilms. Molecules. 2022;27:8647. https://doi.org/10.3390/molecules27248647.

@ Discover


https://doi.org/10.1007/s11051-010-9900-y
https://doi.org/10.3390/nano13050848
https://doi.org/10.1021/acsanm.3c01432
https://doi.org/10.1016/j.trac.2016.05.002
https://doi.org/10.1021/j100870a601
https://doi.org/10.1177/088532829901300303
https://doi.org/10.3390/ma13153409
https://doi.org/10.1021/la3021673
https://doi.org/10.1016/j.heliyon.2024.e25260
https://doi.org/10.3390/molecules21010026
https://doi.org/10.1016/j.micpath.2021.105056
https://doi.org/10.1016/j.jinorgbio.2005.09.001
https://doi.org/10.3390/ma9090778
https://doi.org/10.1080/10590501.2015.1055165
https://doi.org/10.1039/C4EM00248B
https://doi.org/10.1016/j.micpath.2022.105427
https://doi.org/10.1016/j.micpath.2022.105427
https://doi.org/10.1016/j.foodcont.2015.11.035
https://doi.org/10.3390/foods12071503
https://doi.org/10.3390/foods10061372
https://doi.org/10.3390/foods10061372
https://doi.org/10.1016/j.lwt.2022.113211
https://doi.org/10.1002/celc.202201132
https://doi.org/10.3390/antibiotics12020194
https://doi.org/10.3390/antibiotics12020194
https://doi.org/10.1016/j.jpha.2015.11.005
https://doi.org/10.1016/j.jpha.2015.11.005
https://doi.org/10.1128/aac.49.7.2612-2617.2005
https://doi.org/10.3390/s21062213
https://doi.org/10.1366/000370206777670585
https://doi.org/10.3390/molecules27248647

Research Discover Nano (2024) 19:100 | https://doi.org/10.1186/511671-024-04043-3

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Bajrami D, Fischer S, Barth H, Sarquis MA, Ladero VM, Fernandez M, Sportelli MC, Cioffi N, Kranz C, Mizaikoff B. In situ monitoring of Len-
tilactobacillus parabuchneri biofilm formation via real-time infrared spectroscopy. NPJ Biofilms Microbiomes. 2022;8:1-14. https://doi.
org/10.1038/s41522-022-00353-5.

Nocchetti M, Donnadio A, Ambrogi V, Andreani P, Bastianini M, Pietrella D, Latterini L. Ag/AgCl nanoparticle decorated layered double
hydroxides: synthesis, characterization and antimicrobial properties. J Mater Chem B. 2013;1:2383-93. https://doi.org/10.1039/C3TBO
0561E.

Afshinnia K, Baalousha M. Effect of phosphate buffer on aggregation kinetics of citrate-coated silver nanoparticles induced by monovalent
and divalent electrolytes. Sci Total Environ. 2017;581-582:268-76. https://doi.org/10.1016/j.scitotenv.2016.12.117.

Wojciechowski K, Klodzinska E. Zeta potential study of biodegradable antimicrobial polymers. Colloids Surf A. 2015;483:204-8. https://
doi.org/10.1016/j.colsurfa.2015.04.033.

Frontiers | Overcoming Multidrug Resistance in Salmonella spp. Isolates Obtained From the Swine Food Chain by Using Essential Oils: An
in vitro Study, (n.d.). https://www.frontiersin.org/journals/microbiology/articles/https://doi.org/10.3389/fmicb.2021.808286/full (accessed
March 28, 2024).

Kubota H, Senda S, Nomura N, Tokuda H, Uchiyama H. Biofilm Formation by lactic acid bacteria and resistance to environmental stress.
J Biosci Bioeng. 2008;106:381-6. https://doi.org/10.1263/jbb.106.381.

Davidson |, Scianni C, Hewitt C, Everett R, Holm E, Tamburri M, Ruiz G. Mini-review: assessing the drivers of ship biofouling management
- aligning industry and biosecurity goals. Biofouling. 2016;32:411-28. https://doi.org/10.1080/08927014.2016.1149572.

Alhusein N, De Bank PA, Blagbrough IS, Bolhuis A. Killing bacteria within biofilms by sustained release of tetracycline from triple-layered
electrospun micro/nanofibre matrices of polycaprolactone and poly(ethylene-co-vinyl acetate). Drug Deliv and Transl Res. 2013;3:531-41.
https://doi.org/10.1007/s13346-013-0164-9.

Zhang X, Zhang W, Liu L, Yang M, Huang L, Chen K, Wang R, Yang B, Zhang D, Wang J. Antibiotic-loaded MoS, nanosheets to combat
bacterial resistance via biofilm inhibition. Nanotechnology. 2017;28:225101. https://doi.org/10.1088/1361-6528/aa6c9b.

Sportelli MC, Kranz C, Mizaikoff B, Cioffi N. Recent advances on the spectroscopic characterization of microbial biofilms: a critical review.
Anal Chim Acta. 2022;1195:339433. https://doi.org/10.1016/j.aca.2022.339433.

Sportelli MC, Tutlincl E, Picca RA, Valentini M, Valentini A, Kranz C, Mizaikoff B, Barth H, Cioffi N. Inhibiting P. fluorescens biofilms
with fluoropolymer-embedded silver nanoparticles: an in-situ spectroscopic study. Sci Rep. 2017;7:11870. https://doi.org/10.1038/
s41598-017-12088-x.

Stenclova P, Freisinger S, Barth H, Kromka A, Mizaikoff B. Cyclic changes in the amide bands within Escherichia coli biofilms monitored
using real-time infrared attenuated total reflection spectroscopy (IR-ATR). Appl Spectrosc. 2019;73:424-32. https://doi.org/10.1177/00037
02819829081.

Kamnev AA, Dyatlova YA, Kenzhegulov OA, Fedonenko YP, Evstigneeva SS, Tugarova AV. Fourier transform infrared (FTIR) spectroscopic
study of biofilms formed by the Rhizobacterium Azospirillum baldaniorum Sp245: aspects of methodology and matrix composition.
Molecules. 2023;28:1949. https://doi.org/10.3390/molecules28041949.

Birkett M, Dover L, Lukose CC, Zia AW, Tambuwala MM, Serrano-Aroca A. Recent advances in metal-based antimicrobial coatings for
high-touch surfaces. Int J Mol Sci. 2022;23:1162. https://doi.org/10.3390/ijms23031162.

Schmitt J, Fringeli UP, Flemming H-C. Structural and temporal behavior of biofilms investigated by FTIR-ATR spectroscopy. AIP Conf Proc.
1998;430:312-5. https://doi.org/10.1063/1.55788.

Caniglia G, Sportelli MC, Heinzmann A, Picca RA, Valentini A, Barth H, Mizaikoff B, Cioffi N, Kranz C. Silver-fluoropolymer (Ag-CFX) films:
Kinetic study of silver release, and spectroscopic-microscopic insight into the inhibition of P. fluorescens biofilm formation. Anal Chim
Acta. 2022;1212:339892. https://doi.org/10.1016/j.aca.2022.339892.

Ojeda JJ, Romero-Gonzalez ME, Pouran HM, Banwart SA. In situ monitoring of the biofilm formation of Pseudomonas putida on hematite
using flow-cell ATR-FTIR spectroscopy to investigate the formation of inner-sphere bonds between the bacteria and the mineral. Mineral
Mag. 2008;72:101-6. https://doi.org/10.1180/minmag.2008.072.1.101.

Baidoo EEK, Benites VT. Mass spectrometry-based microbial metabolomics: techniques, analysis, and applications. In: Baidoo EEK, editor.
Microbial metabolomics: methods and protocols. New York: Springer; 2019. p. 11-69.

McWhirter MJ, Bremer PJ, McQuillan AJ. Direct infrared spectroscopic evidence of pH- and ionic strength-induced changes in distance
of attached Pseudomonas aeruginosa from ZnSe surfaces. Langmuir. 2002;18:1904-7. https://doi.org/10.1021/1a010928k.

Liu Z, Zhang Z, Qiu L, Zhang F, Xu X, Wei H, Tao X. Characterization and bioactivities of the exopolysaccharide from a probiotic strain of
Lactobacillus plantarum WLPLO4. J Dairy Sci. 2017;100:6895-905. https://doi.org/10.3168/jds.2016-11944.

Lorite GS, de Souza AA, Neubauer D, Mizaikoff B, Kranz C, Cotta MA. On the role of extracellular polymeric substances during early stages
of Xylella fastidiosa biofilm formation. Colloids Surf B. 2013;102:519-25. https://doi.org/10.1016/j.colsurfb.2012.08.027.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

@ Discover


https://doi.org/10.1038/s41522-022-00353-5
https://doi.org/10.1038/s41522-022-00353-5
https://doi.org/10.1039/C3TB00561E
https://doi.org/10.1039/C3TB00561E
https://doi.org/10.1016/j.scitotenv.2016.12.117
https://doi.org/10.1016/j.colsurfa.2015.04.033
https://doi.org/10.1016/j.colsurfa.2015.04.033
https://doi.org/10.3389/fmicb.2021.808286/full
https://doi.org/10.1263/jbb.106.381
https://doi.org/10.1080/08927014.2016.1149572
https://doi.org/10.1007/s13346-013-0164-9
https://doi.org/10.1088/1361-6528/aa6c9b
https://doi.org/10.1016/j.aca.2022.339433
https://doi.org/10.1038/s41598-017-12088-x
https://doi.org/10.1038/s41598-017-12088-x
https://doi.org/10.1177/0003702819829081
https://doi.org/10.1177/0003702819829081
https://doi.org/10.3390/molecules28041949
https://doi.org/10.3390/ijms23031162
https://doi.org/10.1063/1.55788
https://doi.org/10.1016/j.aca.2022.339892
https://doi.org/10.1180/minmag.2008.072.1.101
https://doi.org/10.1021/la010928k
https://doi.org/10.3168/jds.2016-11944
https://doi.org/10.1016/j.colsurfb.2012.08.027

	Development of super nanoantimicrobials combining AgCl, tetracycline and benzalkonium chloride
	Abstract
	1 Introduction
	2 Material and methods
	2.1 Materials
	2.2 Preparation of AgClBACTCH colloids
	2.3 TEM and DLS characterization
	2.4 MALDI MS characterization
	2.5 Bacterial strains and culture conditions
	2.6 Antimicrobial and antibiofilm protocols
	2.7 Characterization of L. parabuchneri biofilm inhibition using in situ IR-ATR spectroscopy

	3 Results and discussion
	3.1 Characterization of AgClTCH and AgClBACTCH nanocolloids (NCs)
	3.2 Antimicrobial activity of AgClTCH and AgClBACTCH NCs
	3.3 Antibiofilm activity of AgClBACTCH NCs
	3.4 In situ IR-ATR biofilm inhibition study by AgClBACTCHPVMK coating

	4 Conclusions
	Acknowledgements 
	References


