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—Norio Taniguchi
International Conference on Production 

Engineering, 1974, Tokyo.

“Nano-technology' mainly consists of the
processing of separation, consolidation, and
deformation of materials by one atom or one
molecule.”
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INTRODUCCIÓN

“Nanotechnology is the creation of
functional materials, devices, and systems
through control and manipulation of
matter on the nanometer length scale (1-
100 nanometers). At this scale, engineers
have the ability to exploit novel
phenomena and material properties, be
they physical, chemical, biological,
mechanical, or electrical”
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control de BF?
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¿De qué manera podemos utilizar la NT  para el 
control de BF?

Catéteres centrales de acceso venoso

Catéteres urinarios

Tubos endotraqueales

Implantes dentales

Implantes articulares

Marcapasos y Válvulas cardiacas

BioMed Research International !

Nanotechnology based biomedical devices

Heart valves
and pacemakers

Contact lenses

Urinary catheters

Oral implants

Endotracheal tubes

Wound dressings

Prosthetic joints

Ag

Ag

F"#$%& ': Summary of nanomaterial incorporatingmedical devices.
Prosthetic joint image was reprinted with permission [()].

7. Nanoparticle-Based Antibiofilm Devices

Advances in the nanotechnology have resulted in the devel-
opments of high-performance, multifunctional, bioactive
materials for biomedical devices. Given base materials with
appropriate mechanical (e.g., hardness, stress, and Young’s
modulus) and tribological properties (e.g., wear resistance,
adhesion, and friction), it would appear nanomaterial coat-
ings are likely to result in novel multifunctional and biocom-
patible materials.

Various nanotools are being incorporated into the sur-
faces of biomedical devices to combat infections; Figure ' and
Table * provide more detail of the antimicrobial mechanisms
involved (Figure *).

8. Future Perspectives

Despite the advances made in the development of novel
antibio+lm agents, devised bio+lm treatment strategies are
limited by their high costs and complexities, which means
urgent development is required to identify cost-e,cient alter-
natives. As is made clear by this review, recent developments
in nanotechnology-based approaches aimed at preventing,
controlling, and treating bacterial bio+lm infections, espe-
cially of biomedical devices, are worthy of serious consid-
eration. Di-erent nanoparticle types and composites with
demonstrated potential bactericidal and fungicidal proper-
ties have been shown to be e,cient alternatives to antibiotics
in terms of wound care and related biomedical issues. Nano-
materials are used as constituents of coatings, biomedical
agents, and drug-delivery vehicles and of implant materials
and research remains active in these areas. However, key
issues like NP resistance and surface interactions between

NPs, bio+lms, and hosts need to be resolved to ensure
successful clinical applications.

Nanomaterial impregnations of antibio+lm devices are
believed to provide extended antimicrobial e-ects and to be
minimally toxic as compared with small molecule antimi-
crobials, which exhibit short term activities and are envi-
ronmentally toxic. We hope that this review of the literature
persuades the reader that nanomaterials and nanomaterial-
based biomedical devices with broad spectrum antibio+lm
activities will be produced such that they are potent, non-
toxic, biocompatible, and cost-e-ective, and that these novel
materials will establish new standards for the treatment and
prevention of pathogenic bio+lms.
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Guzmán-Soto I. et al. Mimicking biofilm formation and development: Recent progress in in vitro and in vivo biofilm models. iScience. 2021

It is important to make clear that these are not, by any means, single events following a straight and unique

line. A variety of different processes will occur and potentially overlap during biofilm development, where

some of them may be exclusive for particular microorganisms and microenvironment conditions. Because

of this complexity, and in order to provide an overview for interdisciplinary scientists, we have decided to

present biofilm development by introducing such series of events following the traditional model of five

main stages. Despite the use of clearly identified and labeled stages of biofilm formation and develop-

ment, the actual processes occurring under native conditions are far more complex, dynamic, and varied.

Hence, in this review, we use this structure as an overall picture and provide a more detailed discussion in

the following subsections to show some of the events and mechanisms involved, as well as the potential

consequences of such, to highlight the multifactorial nature of biofilm formation and development. We

consider that in order to develop relevant biofilm models, it is important to understand the molecular

and cellular events that influence biofilm formation and heterogeneity at each stage, which as a conse-

quence influence their susceptibility to potential antimicrobial strategies.

Since the current knowledge onbiofilms has beenmostly derived from in vitro studies and surface-attachedbio-

films, where Pseudomonas aeruginosa has served as a model microorganism over several years of research, we

willmainly focus on surface-related biofilmdevelopment. As previouslymentioned, and later discussed, biofilms

of clinical relevance are also found to be not necessarily attached to a surface. Because of their significance,

several research studies on this matter are also briefly discussed throughout this section.

The main stages of bacterial biofilm formation may include the following: (1) adsorption, (2) adhesion, (3)

formation of microcolonies, (4) maturation, and (5) dispersal (Figure 1). In general, these stages apply for

both bacterial and yeast biofilms (Costerton et al., 1987; Stoodley et al., 2002; Chandra et al., 2001; Blanken-

ship and Mitchell, 2006; Harding et al., 2009; O’Toole et al., 2000). Some authors have proposed to subdi-

vide them to explain biofilm formation by filamentous fungi. Specifically, in this case, the formation of mi-

crocolonies considers the germling and/or formation of amonolayer, which leads tomycelial development,

hyphal layering, and hyphal bundling (Harding et al., 2009).

Adsorption of bacterial cells to the surface: reversible attachment

Planktonic bacteria move toward a surface by the effect of physical and gravitational forces and by sensing

changes in physicochemical properties (Xu et al., 1998; Kimkes and Heinemann, 2020). Biofilms can be

formed onto abiotic or biotic surfaces, differing in some of the mechanisms for their anchorage (discussed

later). Initially, bacterial cells become adsorbed to a substrate through nonspecific interactions in both

abiotic and biotic surfaces (Bos et al., 1999) (Figure 2). These involve a series of attractive and repulsive

physicochemical interactions between bacteria and the surface, where Lifshitz-van der Waals forces,

Figure 1. Schematic representation for single bacterial species biofilm formation on a solid surface

The schematic depicts the five main steps for the formation and spreading of biofilms.

ll
OPEN ACCESS

iScience 24, 102443, May 21, 2021 3
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electrostatic interactions, and Lewis acid-base hydrophobic forces are the first to participate (Ren et al.,

2018; Bos et al., 1999). Steric forces given by bacterial structures, such as the polymeric brush layer in

P. aeruginosa, P. putida, and Escherichia coli, also influence surface interactions (Berne et al., 2018). The

net result between attractive and repulsive forces dictates the strength of bacterial adhesion, which is var-

iable depending on the surface, microbial species, and surrounding medium (An and Friedman, 1998).

Furthermore, most bacteria have extracellular projections of varied size, structure, and function generally

known as bacterial appendages. Apart from influencing cell morphology, these surface-associated filamen-

tous structures gear bacterial cells up to promote locomotion, survival, niche acquisition, and modulation

of immune response in the host (Yang et al., 2016). Flagella and pili are two families of bacterial append-

ages that play main roles during the initial interactions with the target surface.

Flagella can either be found as long helical filament(s) located outside the cell, like in P. aeruginosa

(O’Toole and Kolter, 1998) or, residing within the periplasmic space (Nakamura and Minamino, 2019)

such as in spirochetes like Borrelia burgdorferi (Kumar et al., 2017; Sapi et al., 2012). These structures allow

bacterial motion toward a gradient of nutrients (chemotaxis-directed motility) (Yang et al., 2016) and other

types of motility to achieve surface migration. Pili, on the other hand, are hair-like structures varied in

composition, which surround the bacterial cell body to serve as virulence factors during infection (Proft

and Baker, 2008). Pili are proteinaceous polymers composed by ‘‘pilin’’ subunits and are also involved in

a bacterial locomotion style known as twitching motility (O’Toole and Kolter, 1998; Yang et al., 2016). Pili

can be found both in Gram-negative and Gram-positive bacteria (Proft and Baker, 2008; Dramsi et al.,

Figure 2. Schematic representation for the main nonspecific and specific interactions between bacteria and surfaces

(A) Some physicochemical interactions include the attractive van der Waals forces; attractive or repulsive electrostatic interactions, which depend on the

microenvironment conditions, where the presence of a conditioning film may contribute to reducing repulsion; and the attractive/repulsive acid-base

interactions (Kimkes and Heinemann, 2020).

(B: Left side) Pili-mediated temporal attachment. Pili elongation allows attachment to the surface, whereas pili retraction may cause the bacterium to be

tugged toward the surface, reach different directions, change from horizontal to vertical (and vice versa) orientations by using different types of motility, or it

may be released back.

(B: Right side) Flagella-mediated temporal attachment may be caused because of their hydrophobic nature, as well as by some of the flagellar motor

components. When flagella become anchored to the surface, the polarly attached cells spin around, often leading to detachment of bacteria.

(C) Specific temporal attachment may be mediated by binding of adhesins, expressed onto the bacterial surface or at the tip of certain pili appendages, to

particular host receptors.
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¿De qué manera podemos utilizar la NT  para el 
control de BF?

1) Antifouling coatings (Dureza, carga, 
hidrofobicidad)

2) Modificaciones antiadhesivas
(polímeros)

3) Adición de antimicrobianos.
4) Modificación físico-química.
5) Adición de moléculas bioactivas (QSi).

Ramasamy M, Lee J. Recent Nanotechnology Approaches for Prevention and Treatment of Biofilm-Associated Infections on Medical Devices. Biomed Res Int. 2016.
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Implantes
Superficie Metálica

Catéteres
Polimeros Uso Médico
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Xuereb M, et al. Int J Prosthodont. 2015 Jan-Feb;28(1):51-9. 



14 ><

Xuereb M, et al. Int J Prosthodont. 2015 Jan-Feb;28(1):51-9. 

Plasma Spraying Electrochemical 
Anodization

Modificación Superficies Metálicas
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Plasma Spraying
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Liu Jianqiao, et al. Frontiers in Bioengineering and Biotechnology, (8), 1314, 2020.

● Gold Estándar.
● Cerámicas (HA) y Metales.
● Recubrimiento

Nanométrico.
● Gran estabilidad y control.
● Alta eficiencia de

deposición y baja
porosidad.
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Electrochemical Anodization

><

Grzegorz D. Sulka, Chapter one - Introduction to anodization of metals, In Micro and Nano Technologies, Nanostructured Anodic Metal Oxides,Elsevier,2020,Pages 1-34.

● Películas de óxido anódicas.
● Morfología compacta, nanoporosa o 

nanotubular.
● Dopaje metales (Zn, Ag, Au, Cu, etc).
● Modificación estructural.
● Bajo costo.
● Escalabilidad técnica.
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Liu Jianqiao, et al. Frontiers in Bioengineering and Biotechnology, (8), 1314, 2020.

Formación de nanotubos en superficie de implantes de titanio.

• Bajo costo
• Control de características superficiales
• El diámetro del nanotubo se puede controlar mediante el voltaje de
oxidación.

• La longitud del nanotubo se controla mediante la combinación del tiempo
de oxidación, la temperatura de oxidación y el valor de pH del electrolito.

Electrochemical Anodization
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Chang F, et al. J Nanosci Nanotechnol. 2019 Apr 1;19(4):2070-2077. 

Electrochemical Anodization
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Chang F, et al. J Nanosci Nanotechnol. 2019 Apr 1;19(4):2070-2077. 

Electrochemical Anodization
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Zhang X, et al. Materials (Basel). 2019 Jun 20;12(12):1979. 

Electrochemical Anodization
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● Utilización polímeros con 
propiedades bactericidas.

● Bajo costo.
● Utilización de materiales 

“aprobados” por FDA.
● En conjunto con moléculas 

activas (Nps/ATB).

BioMed Research International !

Antiadhesive NPs Polymer gra!ed
biocide NPs

Bioactive NPs ROS or NO 
releasing NPs

Stimuli-responsive NPs

Repelled Killed Killed KilledKilled

F"#$%& ': Schematic of bio(lm inhibition showing the e)ects of surface-engineered nanomaterials with diverse antimicrobial properties.

number of studies have reported the use of nanoparticle
(NP) coated surfaces as bio(lm inhibiting agents [*!*]. At the
nanometer scale materials exhibit unique physicochemical
and biological properties and sometimes phenomena, such
as quantum e)ects, not exhibited by their bulk counterparts.
Nanomaterials have much greater surface area to volume
ratios, which enhances chemical reactivities and bioactivities,
and their sizes are of the same order as biomolecules.
Furthermore, NPs are small enough to penetrate microbial
cell walls and even bio(lm layers that can cause irreversible
damage to cell membranes and DNA. In addition, they have
long plasma half-lives and their high surface to volume ratios
facilitate the loading of drugs and targeting entities [*!'].

!.". Nanoparticles in Antibio#lm$erapy. Recent advances in
nanotechnology have identi(ed new and promising opportu-
nities for e)ective bio(lm control and treatment. Summary
of di)erent surface-engineered NPs including metal NPs,
polymer NPs, metal-polymer composites, biologically active
NPs, ROS or NO releasing NPs, and stimuli-responsive
smart NPs that are considered to o)er the possibility of
either preventing or controlling bio(lm related infections on
medical devices with their respective mechanisms of actions
is illustrated in Figure '.

!.%. Antibacterial Metals. Copper, gold, silver, titanium,
and zinc are known to have antibacterial and antibio(lm
properties, which o)er alternatives to antibiotics without
signi(cantly increasing the risk of resistance development. It
has been established that metal-based NPs have much better
antimicrobial activities than their micro-sized counterparts
[*!+, *!,]. -e surface textures of metal coated biomaterials
are dependent on coating technique, for example, sintering,
plasma spraying, sand blasting, anodization, or electron
beam evaporation. Furthermore, devices produced using
these techniques exhibit quite di)erent bacterial adhesions,
protein adsorptions, and tissue integration characteristics
[*!!–*!.].

!.%.". Inorganic Nanoparticles. Several inorganic metal NPs,
such as, gold, copper, silver, zinc, and titanium NPs, exhibit
antibio(lm activity. Silver nanomaterials have received con-
siderable attraction because of their superior antimicrobial
activities. Silver in ionic or NP form has an oligodynamic
e)ect with broad spectrum antibacterial activity and is
especially e)ective against microbial colonizations associated
with biomedical infections. -e antibacterial mechanism
of silver NPs (Ag NPs) is probably due to interactions
between silver ions with bacterial wall sul/ydryl groups
that interfere with and disrupt bacterial cell membranes
[*!0], enzyme activities [*!1], respiratory chains [*23], and
cell proliferation [*2*]. Ag NPs have also been shown to
disrupt bio(lmmatrices by perturbing intermolecular forces.
In one study, ', h of treatment with Ag NPs inhibited bio(lm
formation by P. aeruginosa and S. epidermidis by more than
1!% and bio(lm formation by clinically isolated strains of
MRSA andmethicillin-resistant S. epidermidis (MRSE) [*2'].
Silver impregnated hydroxyapatite and silver-titaniamatrices
reduced bacterial adhesion and prevented bio(lm generation
by Gram-positive and Gram-negative bacteria (Table *), and
the TiO2 acted as a better supporting matrix and prevented
the aggregation of silver and allowed the controlled release of
silver ions [*2+]. Nevertheless, continuous exposure to silver
NPsmay result in reduced e)ectiveness with developed silver
resistance on MRSA [*!0], and high doses of silver NPs can
delay wound recovery due to toxic e)ects on skin cells [*2,].

-e antibacterial activities of metal oxide NPs have also
been studied; examples include zinc oxide (ZnO), copper
oxide (CuO), titanium dioxide (TiO2), iron oxide (Fe2O3),
cerium oxide (CeO), magnesium oxide (MgO), and alu-
minum oxide (Al2O3). ZnO NPs have been found to have
better antibacterial activities and low toxicities inmammalian
cells and to be more e)ective at inhibiting bio(lm formation
and the growth of E. faecalis, S. aureus, S. epidermidis, B.
subtilis, and E. coli than the NPs of other metal oxides [*!,,
*2!]. ZnO NPs in combination with !-chitin dressings were
found to treat skin wound infections e)ectively in rat models
and to reduce bio(lm formation. Furthermore, nanotextured

Ramasamy M, Lee J. Recent Nanotechnology Approaches for Prevention and Treatment of Biofilm-Associated Infections on Medical Devices. Biomed Res Int. 2016.
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Miao Xu, et al. Chemical Engineering Journal, Volume 396, 2020.

Modificación Superficies Catéteres

Characterization of mussel-
inspired EPLC coatings. (a)
SEM images of top surfaces of
pristine Ti, and
EPLC1/EPLC2/EPLC3 painted
Ti substrate(Scale bar = 1 μm),
and cross-section of EPLC3
coating on Ti substrate.
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Miao Xu, et al. Chemical Engineering Journal, Volume 396, 2020.

Characterization of mussel-
inspired EPLC coatings. (a)
SEM images of top surfaces of
pristine Ti, and
EPLC1/EPLC2/EPLC3 painted
Ti substrate(Scale bar = 1 μm),
and cross-section of EPLC3
coating on Ti substrate.

Modificación Superficies Catéteres
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Miao Xu, et al. Chemical Engineering Journal, Volume 396, 2020.

In vitro antimicrobial activities of
EPLC coatings. (a) Bacterial
reduction of EPLC coatings against
E.coli and MRSA. Each data point
represents the mean±standard
deviation for three separate samples
(n = 3). (b) Live/Dead bacterial
viability assay of E. coli (Left) and
MRSA (Right) on the control and
EPLC3 coating.
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Miao Xu, et al. Chemical Engineering Journal, Volume 396, 2020.

In vitro anti-biofilm activity. (a) Bacterial (MRSA) count from biofilm at day 3 and day 7 (n =
5, **p < 0.01). Confocal microscopy images of MRSA growing on the surfaces of (b)
control and EPLC3 painted quartz slides after 3 days. MRSA was stained using SYTOTM
9 green fluorescent nucleic acid stain. (Scale bar = 100 μm)

Modificación Superficies Catéteres
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FDA Guidelines
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FDA NO aprueba el uso individual de materiales o recubrimientos, si no que el dispositivo médico terminado en 
su conjunto.

FDA evalúa:
• Análisis metalúrgico.
• Microestrutura de la superficie modificada (grosor, forma, tamaño, diámetro 

o área, diámetro de poro, volumen).
• Propiedades físicas (dureza).
• Propiedades mecánicas (Resistencia/Fatiga).
• Biocompatibilidad.
• Información clínica.

[Consulta en línea: https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-document-testing-orthopedic-implants-modified-metallic-surfaces-apposing-bone-or-bone].
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Nanotransportadores
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Din, F. et al. (2017). Effective use of nanocarriers as drug delivery systems for the treatment of selected tumors. International journal of nanomedicine, 12, 7291–7309. 

Son sistemas coloidales en la escala
nanométrica (1-100 nm), capaces de
transportar drogas u otras sustancias de
distinta naturaleza.
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A. Wicki et al., Journal of Controlled Release 200, 138 (2015).

Nanotransportadores
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Nanotransportadores de ATB
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Wang DY, van der Mei HC, Ren Y, Busscher HJ, Shi L. Lipid-Based Antimicrobial Delivery-Systems for the Treatment of Bacterial Infections. Front Chem. 2020
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Din, F. et al. (2017). Effective use of nanocarriers as drug delivery systems for the treatment of selected tumors. International journal of nanomedicine, 12, 7291–7309. 

Utilizar menor 
concentración de ATB 

(uso racional)

Modificación Superficial

Disrupción de BF

• Protección ATB

• Sitio acción específico.

• Células Plantónicas
• Interacción/denaturación EPS

Nanotransportadores de ATB
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Wang DY, van der Mei HC, Ren Y, Busscher HJ, Shi L. Lipid-Based Antimicrobial Delivery-Systems for the Treatment of Bacterial Infections. Front Chem. 2020



3
3 ><

Y. Liu, G. Yang, S. Jin, L. Xu, C.-X. Zhao, ChemPlusChem 2020, 85, 2143.
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Actividad antibiofilm de liposomas asociados a 
lisozima/gentamicina contra P. aeruginosa y S. aureus

Hou Y, Wang Z, Zhang P, Bai H, Sun Y, Duan J, Mu H. Lysozyme Associated Liposomal Gentamicin Inhibits Bacterial Biofilm. Int J Mol Sci. 2017 Apr 9;18(4):784. 

Int. J. Mol. Sci. 2017, 18, 784 2 of 8

stabilizes liposomes against fusion and avoids undesirable leakage of liposomal drugs. The stabilized
liposomes with positive charge are hypothesized to easily bind to the negatively charged matrix
of bacterial biofilm, inhibit bacterial biofilm formation and damage established biofilm built by
Gram-positive or -negative organisms.

2. Results and Discussions

2.1. Preparation and Characterization of Lysozyme-Associated Liposomal Gentamicin

Liposomal gentamicin (LG) was prepared by vesicle extrusion technique (Figure 1a) [16].
The size and surface zeta potential of LG were 99 nm and �54.5 mV, respectively (Figure 1b,c).
Lysozyme-associated liposomal gentamicin (LLG) were obtained by mixing LG and lysozyme. The size
and surface zeta potential of the resulting LLG were measured by dynamic light scattering (DLS).
The size of LLG was slightly larger than that of LG, suggesting the adsorption of lysozyme onto
the liposomal surface. The surface zeta potential changed from �54.5 to 17.5 mV (Figure 1c),
which confirmed the association of positively-charged lysozyme to the negatively-charged liposomes
through electrostatic attraction.
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Pseudomonas aeruginosa (P. aeruginosa) is a Gram-negative opportunistic human pathogen, which 
is known for causing chronic pulmonary infections in cystic fibrosis (CF) patients and patients 

Figure 1. (a) Schematic structure of lysozyme-associated liposomal gentamycin (LLG); (b) hydrodynamic
size; and (c) surface zeta potential of liposome (without Lysozyme) and LLG.

2.2. Stability of Lysozyme-Associated Liposomal Gentamicin

The stability of LG and LLG were evaluated over time in deionized water (Figure 2a). LG was
gradually aggregated while LLG was relatively stable in water. Gentamicin in LG was released more
quickly than in LLG (Figure 2b). These data suggested that the association of lysozyme improved the
stability of liposome and prevented the release of gentamicin.
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25 �C in deionized water.

2.3. Antibiofilm Activities of Lysozyme-Associated Liposomal Gentamicin

Pseudomonas aeruginosa (P. aeruginosa) is a Gram-negative opportunistic human pathogen, which is
known for causing chronic pulmonary infections in cystic fibrosis (CF) patients and patients suffering of
non-CF bronchiectasis, and generally employed as a model organism for investigation of biofilms [17].
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stabilizes liposomes against fusion and avoids undesirable leakage of liposomal drugs. The stabilized
liposomes with positive charge are hypothesized to easily bind to the negatively charged matrix
of bacterial biofilm, inhibit bacterial biofilm formation and damage established biofilm built by
Gram-positive or -negative organisms.

2. Results and Discussions

2.1. Preparation and Characterization of Lysozyme-Associated Liposomal Gentamicin

Liposomal gentamicin (LG) was prepared by vesicle extrusion technique (Figure 1a) [16].
The size and surface zeta potential of LG were 99 nm and �54.5 mV, respectively (Figure 1b,c).
Lysozyme-associated liposomal gentamicin (LLG) were obtained by mixing LG and lysozyme. The size
and surface zeta potential of the resulting LLG were measured by dynamic light scattering (DLS).
The size of LLG was slightly larger than that of LG, suggesting the adsorption of lysozyme onto
the liposomal surface. The surface zeta potential changed from �54.5 to 17.5 mV (Figure 1c),
which confirmed the association of positively-charged lysozyme to the negatively-charged liposomes
through electrostatic attraction.
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Figure 1. (a) Schematic structure of lysozyme-associated liposomal gentamycin (LLG); (b) hydrodynamic
size; and (c) surface zeta potential of liposome (without Lysozyme) and LLG.

2.2. Stability of Lysozyme-Associated Liposomal Gentamicin

The stability of LG and LLG were evaluated over time in deionized water (Figure 2a). LG was
gradually aggregated while LLG was relatively stable in water. Gentamicin in LG was released more
quickly than in LLG (Figure 2b). These data suggested that the association of lysozyme improved the
stability of liposome and prevented the release of gentamicin.
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2.3. Antibiofilm Activities of Lysozyme-Associated Liposomal Gentamicin

Pseudomonas aeruginosa (P. aeruginosa) is a Gram-negative opportunistic human pathogen, which is
known for causing chronic pulmonary infections in cystic fibrosis (CF) patients and patients suffering of
non-CF bronchiectasis, and generally employed as a model organism for investigation of biofilms [17].
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Gentamicin or lysozyme alone had a mild effect on biomass and live cells of P. aeruginosa biofilms after
24 h treatment compared to blank control (Figure 3a,b). LLG treatment markedly reduced both biofilm
mass and viable cell counts. To see whether LLG was able to eliminate bacterial biofilms built by
a Gram-positive organism, Staphylococcus aureus (S. aureus), which can cause life-threatening infections
in humans and the nosocomial (hospital) environment [18], was tested. Quantification of biofilm
biomass and cell viability demonstrated that LLG had a more pronounced effect than gentamicin or
lysozyme alone (Figure 3c,d).
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Fluorescence microscopy imaging of P. aeruginosa (Figure 4a) and S. aureus (Figure 4b) biofilms
was pursued to further evaluate the antibiofilm potential of LLG. The blank control biofilms were
densely colonized with hierarchically and three-dimensionally structured formations. Biofilms treated
with LLG exhibited only a few isolated bacterial colonies instead of a recognizable biofilm structure.
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Figure 4. Fluorescence microscopy of P. aeruginosa (a) and S. aureus (b) biofilm. Biofilms incubated
with tryptic soy broth (TSB) are used as control. Scale bars were 10 µm.

Scanning electron microscopy (SEM) was also applied to evaluate the surface morphology changes
of P. aeruginosa (rod shaped pathogen, Figure 5a) and S. aureus (round-shaped pathogen, Figure 5b)

Int. J. Mol. Sci. 2017, 18, 784 5 of 8Int. J. Mol. Sci. 2017, 18, 784  5 of 8 

 

 
Figure 7. The inhibitory effects of LLG on P. aeruginosa (a,b) and S. aureus (c,d) biofilm formation. 

Controlled drug delivery by lipid nanoparticles have attracted much attention. More recently, 
Harker et al. utilized an electrohydrodynamic technique to prepare core-shell lipid nanoparticles 
with a tunable size and high active ingredient loading capacity, encapsulation efficiency and 
controlled release [19]. Many nano materials, for example, the metal-loaded nanofibers [20–22], have 
shown high antibacterial activity against planktonic or biofilm bacteria [23,24]. In the current study, 
we developed a platform to deliver antibiotic to treat bacterial biofilms through lysosome associated 
liposomes. This approach made liposomes more stable and easier to attach to biofilms; a universal 
survival lifestyle for microbes in nature. 

3. Materials and Methods  

3.1. Materials 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-
phosphor-(1′-rac-glycerol) (DPPG) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). 
Gentamicin Sulfate was purchased from Solarbio (Beijing, China). Rhodamine B was purchased from 
Aladdin (Shanghai, China). All reagents were of analytical grade and used as received without 
further purifying. 

Pseudomonas aeruginosa (PAO1) and Staphylococcus aureus (ATCC 29213) were generous gifts 
received from Xiaodong Xia (College of Food Science and Engineering, Northwest A&F University). 

3.2. Preparation and Characterization of LLG 

Liposomes were prepared following a previously described extrusion method [16]. Briefly, 9 mg 
of lipid (DPPC/DPPG = 9/1, molar ratio) were dissolved in 1 mL chloroform, and then the organic 
solvent was evaporated to form a dried lipid film. The lipid film was rehydrated with 3 mL of 
deionized water, or 2 mM rhodamine B (RhB), or 20 mM gentamicin, followed by vortexing for 1 min 
and sonicating for 5 min to produce multilamellar vesicles (MLVs). The solution was extruded 
through a 100 nm pore-sized polycarbonate membrane for 10 times to form narrowly distributed 
small unilamellar vesicles (SUVs). Particles were purified by washing with water 3 times using 10 
kDa MWCO Amicon centrifugal filters (EMD Millipore, Billerica, CA, USA) to remove 
unencapsulated drugs. To prepare LLG, the pH of both lysozyme and liposome solutions was 

Figure 7. The inhibitory effects of LLG on P. aeruginosa (a,b) and S. aureus (c,d) biofilm formation.

Controlled drug delivery by lipid nanoparticles have attracted much attention. More recently,
Harker et al. utilized an electrohydrodynamic technique to prepare core-shell lipid nanoparticles with
a tunable size and high active ingredient loading capacity, encapsulation efficiency and controlled
release [19]. Many nano materials, for example, the metal-loaded nanofibers [20–22], have shown high
antibacterial activity against planktonic or biofilm bacteria [23,24]. In the current study, we developed
a platform to deliver antibiotic to treat bacterial biofilms through lysosome associated liposomes.
This approach made liposomes more stable and easier to attach to biofilms; a universal survival
lifestyle for microbes in nature.

3. Materials and Methods

3.1. Materials

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphor-
(10-rac-glycerol) (DPPG) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Gentamicin
Sulfate was purchased from Solarbio (Beijing, China). Rhodamine B was purchased from Aladdin
(Shanghai, China). All reagents were of analytical grade and used as received without further purifying.

Pseudomonas aeruginosa (PAO1) and Staphylococcus aureus (ATCC 29213) were generous gifts
received from Xiaodong Xia (College of Food Science and Engineering, Northwest A&F University).

3.2. Preparation and Characterization of LLG

Liposomes were prepared following a previously described extrusion method [16]. Briefly, 9 mg
of lipid (DPPC/DPPG = 9/1, molar ratio) were dissolved in 1 mL chloroform, and then the organic
solvent was evaporated to form a dried lipid film. The lipid film was rehydrated with 3 mL of
deionized water, or 2 mM rhodamine B (RhB), or 20 mM gentamicin, followed by vortexing for
1 min and sonicating for 5 min to produce multilamellar vesicles (MLVs). The solution was extruded
through a 100 nm pore-sized polycarbonate membrane for 10 times to form narrowly distributed small
unilamellar vesicles (SUVs). Particles were purified by washing with water 3 times using 10 kDa
MWCO Amicon centrifugal filters (EMD Millipore, Billerica, CA, USA) to remove unencapsulated
drugs. To prepare LLG, the pH of both lysozyme and liposome solutions was adjusted to 6.5 using
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Gentamicin or lysozyme alone had a mild effect on biomass and live cells of P. aeruginosa biofilms after
24 h treatment compared to blank control (Figure 3a,b). LLG treatment markedly reduced both biofilm
mass and viable cell counts. To see whether LLG was able to eliminate bacterial biofilms built by
a Gram-positive organism, Staphylococcus aureus (S. aureus), which can cause life-threatening infections
in humans and the nosocomial (hospital) environment [18], was tested. Quantification of biofilm
biomass and cell viability demonstrated that LLG had a more pronounced effect than gentamicin or
lysozyme alone (Figure 3c,d).
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Fluorescence microscopy imaging of P. aeruginosa (Figure 4a) and S. aureus (Figure 4b) biofilms
was pursued to further evaluate the antibiofilm potential of LLG. The blank control biofilms were
densely colonized with hierarchically and three-dimensionally structured formations. Biofilms treated
with LLG exhibited only a few isolated bacterial colonies instead of a recognizable biofilm structure.
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Figure 4. Fluorescence microscopy of P. aeruginosa (a) and S. aureus (b) biofilm. Biofilms incubated
with tryptic soy broth (TSB) are used as control. Scale bars were 10 µm.

Scanning electron microscopy (SEM) was also applied to evaluate the surface morphology changes
of P. aeruginosa (rod shaped pathogen, Figure 5a) and S. aureus (round-shaped pathogen, Figure 5b)
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Controlled drug delivery by lipid nanoparticles have attracted much attention. More recently,
Harker et al. utilized an electrohydrodynamic technique to prepare core-shell lipid nanoparticles with
a tunable size and high active ingredient loading capacity, encapsulation efficiency and controlled
release [19]. Many nano materials, for example, the metal-loaded nanofibers [20–22], have shown high
antibacterial activity against planktonic or biofilm bacteria [23,24]. In the current study, we developed
a platform to deliver antibiotic to treat bacterial biofilms through lysosome associated liposomes.
This approach made liposomes more stable and easier to attach to biofilms; a universal survival
lifestyle for microbes in nature.

3. Materials and Methods

3.1. Materials

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphor-
(10-rac-glycerol) (DPPG) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Gentamicin
Sulfate was purchased from Solarbio (Beijing, China). Rhodamine B was purchased from Aladdin
(Shanghai, China). All reagents were of analytical grade and used as received without further purifying.

Pseudomonas aeruginosa (PAO1) and Staphylococcus aureus (ATCC 29213) were generous gifts
received from Xiaodong Xia (College of Food Science and Engineering, Northwest A&F University).

3.2. Preparation and Characterization of LLG

Liposomes were prepared following a previously described extrusion method [16]. Briefly, 9 mg
of lipid (DPPC/DPPG = 9/1, molar ratio) were dissolved in 1 mL chloroform, and then the organic
solvent was evaporated to form a dried lipid film. The lipid film was rehydrated with 3 mL of
deionized water, or 2 mM rhodamine B (RhB), or 20 mM gentamicin, followed by vortexing for
1 min and sonicating for 5 min to produce multilamellar vesicles (MLVs). The solution was extruded
through a 100 nm pore-sized polycarbonate membrane for 10 times to form narrowly distributed small
unilamellar vesicles (SUVs). Particles were purified by washing with water 3 times using 10 kDa
MWCO Amicon centrifugal filters (EMD Millipore, Billerica, CA, USA) to remove unencapsulated
drugs. To prepare LLG, the pH of both lysozyme and liposome solutions was adjusted to 6.5 using
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Gentamicin or lysozyme alone had a mild effect on biomass and live cells of P. aeruginosa biofilms after
24 h treatment compared to blank control (Figure 3a,b). LLG treatment markedly reduced both biofilm
mass and viable cell counts. To see whether LLG was able to eliminate bacterial biofilms built by
a Gram-positive organism, Staphylococcus aureus (S. aureus), which can cause life-threatening infections
in humans and the nosocomial (hospital) environment [18], was tested. Quantification of biofilm
biomass and cell viability demonstrated that LLG had a more pronounced effect than gentamicin or
lysozyme alone (Figure 3c,d).
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Scanning electron microscopy (SEM) was also applied to evaluate the surface morphology changes
of P. aeruginosa (rod shaped pathogen, Figure 5a) and S. aureus (round-shaped pathogen, Figure 5b)
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biofilms treated with LLG, gentamicin or lysozyme in tryptic soy broth (TSB). The control showed
a highly organized and well-defined architecture. In LLG-treated biofilms, the cell walls became
wrinkled and damaged, the shape and size of cells changed dramatically, and only a few scattered
bacterial cells were noted. Overall, these results clearly indicated that LLG had an advantage in
disrupting existing biofilms formed by Gram-negative and -positive organisms.
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To explore the underlying mechanism by which LLG disrupted bacterial biofilms above,
liposomal rhodamine B (LR) or lysozyme associated liposomal rhodamine B (LLR) were generated.
Compared with LR, LLR elicited a much stronger binding to S. aureus biofilm (Figure 6). This might
be due to the electrostatic attraction between positive lysozyme on LLR and biofilm matrix, such as
alginate, which usually possesses a negative charge.
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Figure 6. Binding ability of lysozyme liposome to S. aureus biofilm. Lysozyme associated liposomal
rhodamine B (LLR) or liposomal rhodamine B (LR) was incubated with preformed S. aureus biofilm
for 10 min. After incubation, the biofilm was collected and quantified for fluorescence intensity.
The biofilm without incubating with any liposome formulations was tested in parallel serving as the
background signal.

Biofilm formation was examined in the case of planktonic P. aeruginosa (Figure 7a,b) exposed
to LLG, gentamicin or lysozyme for 24 h. Lysozyme showed no effects on biofilm formation as
compared with blank control. Gentamicin suppressed biofilm formation and decreased live cells
generally whereas LLG facilitated this suppression and reduction significantly. Similar findings
were also observed in the case of S. aureus by quantification of biofilm biomass (Figure 7c) and cell
viability (Figure 7d). These results suggested that LLG had the potential to prevent planktonic cells of
Gram-negative or -positive organisms from biofilm formation.
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Gentamicin or lysozyme alone had a mild effect on biomass and live cells of P. aeruginosa biofilms after
24 h treatment compared to blank control (Figure 3a,b). LLG treatment markedly reduced both biofilm
mass and viable cell counts. To see whether LLG was able to eliminate bacterial biofilms built by
a Gram-positive organism, Staphylococcus aureus (S. aureus), which can cause life-threatening infections
in humans and the nosocomial (hospital) environment [18], was tested. Quantification of biofilm
biomass and cell viability demonstrated that LLG had a more pronounced effect than gentamicin or
lysozyme alone (Figure 3c,d).
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with tryptic soy broth (TSB) are used as control. Scale bars were 10 µm.

Scanning electron microscopy (SEM) was also applied to evaluate the surface morphology changes
of P. aeruginosa (rod shaped pathogen, Figure 5a) and S. aureus (round-shaped pathogen, Figure 5b)

Int. J. Mol. Sci. 2017, 18, 784 4 of 8

biofilms treated with LLG, gentamicin or lysozyme in tryptic soy broth (TSB). The control showed
a highly organized and well-defined architecture. In LLG-treated biofilms, the cell walls became
wrinkled and damaged, the shape and size of cells changed dramatically, and only a few scattered
bacterial cells were noted. Overall, these results clearly indicated that LLG had an advantage in
disrupting existing biofilms formed by Gram-negative and -positive organisms.
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To explore the underlying mechanism by which LLG disrupted bacterial biofilms above,
liposomal rhodamine B (LR) or lysozyme associated liposomal rhodamine B (LLR) were generated.
Compared with LR, LLR elicited a much stronger binding to S. aureus biofilm (Figure 6). This might
be due to the electrostatic attraction between positive lysozyme on LLR and biofilm matrix, such as
alginate, which usually possesses a negative charge.
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Figure 6. Binding ability of lysozyme liposome to S. aureus biofilm. Lysozyme associated liposomal
rhodamine B (LLR) or liposomal rhodamine B (LR) was incubated with preformed S. aureus biofilm
for 10 min. After incubation, the biofilm was collected and quantified for fluorescence intensity.
The biofilm without incubating with any liposome formulations was tested in parallel serving as the
background signal.

Biofilm formation was examined in the case of planktonic P. aeruginosa (Figure 7a,b) exposed
to LLG, gentamicin or lysozyme for 24 h. Lysozyme showed no effects on biofilm formation as
compared with blank control. Gentamicin suppressed biofilm formation and decreased live cells
generally whereas LLG facilitated this suppression and reduction significantly. Similar findings
were also observed in the case of S. aureus by quantification of biofilm biomass (Figure 7c) and cell
viability (Figure 7d). These results suggested that LLG had the potential to prevent planktonic cells of
Gram-negative or -positive organisms from biofilm formation.
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to antibiotics; different species can exhibit distinct drug susceptibilities that allow biofilms
to overcome antibiotic treatment [10]. As interactions among different species diversify, the
composition of the EPS matrix becomes more heterogenous. Polymicrobial biofilms exhibit
increased biomass, providing a barrier that further impedes and deactivates antibiotics [11].
Current strategies to combat multi-species biofilms involve high dosages of combination
antibiotic regimens and/or invasive methods of biofilm removal. These approaches entail
risk, high treatment costs and low patient compliance [10,12,13]. The lack of new antibiotics
entering the pipeline contributes to the demand for development of novel antimicrobial
therapeutics that can tackle the challenges of treating resilient biofilm infections. Therefore,
there is an urgent need for new treatment regimens to address multi-species biofilm
infections.

Recent advances in nanomaterial-based therapeutics provide a promising opportunity
to effectively address difficult-to-treat bacterial and biofilm infections [14–17]. Polymeric
nanoparticles provide versatile additions to the antimicrobial arsenal [18,19]. Antimicrobial
polymers mimicking host-defense peptides are an emerging class of therapeutics that
exhibit broad-spectrum activity against bacteria [20,21]. Their tunable properties including
hydrophobicity, charge and size impart therapeutic advantages such as efficient biofilm pen-
etration [14,22,23]. Previously, our group synthesized a library of antimicrobial polymers
based on a poly(oxanoborneneimide) (PONI) backbone, with varying alkyl chain lengths
between the polymeric backbone and cationic headgroups on the sidechains [24]. The PONI
polymer with a C11 alkyl chain (PONI-C11-TMA) formed polymeric nanoparticles (PNPs)
(Figure S1) that demonstrated high antimicrobial activity against single-species biofilms
with minimum cytotoxicity to mammalian cells. We report here the activity of PONI-C11-
TMA against clinically relevant dual-species biofilms (Scheme 1). These biofilms were
formed by clinical isolates of Escherichia coli, Pseudomonas aeruginosa, methicillin-resistant
Staphylococcus aureus (MRSA) and dual-species combinations. Species were chosen based
on their clinical relevance [25–27]. PNPs were effective in reducing dual-species biofilms as
evaluated by Alamar Blue and crystal violet assays. Confocal laser scanning microscopy
imaging revealed that PNPs penetrated and disrupted the dual-species biofilm matrix
within 1 h. Notably, in vitro co-culture of fibroblasts and dual-species biofilms of E. coli and
P. aeruginosa demonstrated the antimicrobial activity of PNPs against biofilms while main-
taining low cytotoxicity towards mammalian cells. Taken together, PNPs present potent
broad-spectrum antibiofilm activity against multi-species biofilms, offering a promising
strategy for treatment of biofilm infections.
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Scheme 1. Preparation and activity of PONI-C11-TMA PNPs. The resulting PNPs significantly reduced established
dual-species biofilms while maintaining fibroblast viability.

2. Results

2.1. Dual-Species Biofilm Penetration Profile of PNPs
The ability of the polymeric nanoparticles to penetrate the EPS of a dual-species

biofilm was visualized using confocal laser scanning microscopy (CLSM). A 4-day-old
dual-species biofilm of DsRed-expressing E. coli and GFP-expressing MRSA was treated for
1 h with coumarin blue-tagged PNP. Micrographs revealed that PNP penetrated the EPS
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to antibiotics; different species can exhibit distinct drug susceptibilities that allow biofilms
to overcome antibiotic treatment [10]. As interactions among different species diversify, the
composition of the EPS matrix becomes more heterogenous. Polymicrobial biofilms exhibit
increased biomass, providing a barrier that further impedes and deactivates antibiotics [11].
Current strategies to combat multi-species biofilms involve high dosages of combination
antibiotic regimens and/or invasive methods of biofilm removal. These approaches entail
risk, high treatment costs and low patient compliance [10,12,13]. The lack of new antibiotics
entering the pipeline contributes to the demand for development of novel antimicrobial
therapeutics that can tackle the challenges of treating resilient biofilm infections. Therefore,
there is an urgent need for new treatment regimens to address multi-species biofilm
infections.

Recent advances in nanomaterial-based therapeutics provide a promising opportunity
to effectively address difficult-to-treat bacterial and biofilm infections [14–17]. Polymeric
nanoparticles provide versatile additions to the antimicrobial arsenal [18,19]. Antimicrobial
polymers mimicking host-defense peptides are an emerging class of therapeutics that
exhibit broad-spectrum activity against bacteria [20,21]. Their tunable properties including
hydrophobicity, charge and size impart therapeutic advantages such as efficient biofilm pen-
etration [14,22,23]. Previously, our group synthesized a library of antimicrobial polymers
based on a poly(oxanoborneneimide) (PONI) backbone, with varying alkyl chain lengths
between the polymeric backbone and cationic headgroups on the sidechains [24]. The PONI
polymer with a C11 alkyl chain (PONI-C11-TMA) formed polymeric nanoparticles (PNPs)
(Figure S1) that demonstrated high antimicrobial activity against single-species biofilms
with minimum cytotoxicity to mammalian cells. We report here the activity of PONI-C11-
TMA against clinically relevant dual-species biofilms (Scheme 1). These biofilms were
formed by clinical isolates of Escherichia coli, Pseudomonas aeruginosa, methicillin-resistant
Staphylococcus aureus (MRSA) and dual-species combinations. Species were chosen based
on their clinical relevance [25–27]. PNPs were effective in reducing dual-species biofilms as
evaluated by Alamar Blue and crystal violet assays. Confocal laser scanning microscopy
imaging revealed that PNPs penetrated and disrupted the dual-species biofilm matrix
within 1 h. Notably, in vitro co-culture of fibroblasts and dual-species biofilms of E. coli and
P. aeruginosa demonstrated the antimicrobial activity of PNPs against biofilms while main-
taining low cytotoxicity towards mammalian cells. Taken together, PNPs present potent
broad-spectrum antibiofilm activity against multi-species biofilms, offering a promising
strategy for treatment of biofilm infections.
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2. Results

2.1. Dual-Species Biofilm Penetration Profile of PNPs
The ability of the polymeric nanoparticles to penetrate the EPS of a dual-species

biofilm was visualized using confocal laser scanning microscopy (CLSM). A 4-day-old
dual-species biofilm of DsRed-expressing E. coli and GFP-expressing MRSA was treated for
1 h with coumarin blue-tagged PNP. Micrographs revealed that PNP penetrated the EPS
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matrix and disrupted the biofilm as evidenced by a significant decrease in signal coming
from E. coli and MRSA (Figure 1, Figure S2). The reduction in fluorescence was more
prominent for E. coli than MRSA. A similar trend was observed for biofilm penetration of
PNPs into mono-species biofilms of E. coli and MRSA (Figures S3 and S4).
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matrix and disrupted the biofilm as evidenced by a significant decrease in signal coming
from E. coli and MRSA (Figure 1, Figure S2). The reduction in fluorescence was more
prominent for E. coli than MRSA. A similar trend was observed for biofilm penetration of
PNPs into mono-species biofilms of E. coli and MRSA (Figures S3 and S4).
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matrix and disrupted the biofilm as evidenced by a significant decrease in signal coming
from E. coli and MRSA (Figure 1, Figure S2). The reduction in fluorescence was more
prominent for E. coli than MRSA. A similar trend was observed for biofilm penetration of
PNPs into mono-species biofilms of E. coli and MRSA (Figures S3 and S4).
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contrast, the antibiotic control, gentamicin, exhibited decreased activity when treating dual-
compared to single-species biofilms (Figure S5).
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negative: P. aeruginosa, E. coli) and dual-species biofilms (MRSA IDRL-6169 + S. epidermidis IDRL-7073;
MRSA IDRL-6169 + P. aeruginosa IDRL-11442; MRSA + E. coli IDRL-10366; P. aeruginosa IDRL-
11442 + E.coli IDRL-10366). Bars represent average of three values, and stars represent individual
measurements.

2.3. Quantifying Biofilm Biomass and Bacteria Viability
Crystal violet and Alamar Blue assays were performed to evaluate the effect of PNPs

on biomass and bacterial viability, respectively, of the two-species biofilms. Two-day-
old biofilms of MRSA IDRL-6169 + E. coli IDRL-10366, P. aeruginosa IDRL-11442 + E. coli
IDRL-10366 and their single-species counterparts were treated with PNPs for 3 h. Results
indicated that the ability of the PNPs to kill bacteria and disrupt biofilms was retained in
dual-species biofilms (Figure 3, Figure S6).
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2.3. Quantifying Biofilm Biomass and Bacteria Viability
Crystal violet and Alamar Blue assays were performed to evaluate the effect of PNPs

on biomass and bacterial viability, respectively, of the two-species biofilms. Two-day-
old biofilms of MRSA IDRL-6169 + E. coli IDRL-10366, P. aeruginosa IDRL-11442 + E. coli
IDRL-10366 and their single-species counterparts were treated with PNPs for 3 h. Results
indicated that the ability of the PNPs to kill bacteria and disrupt biofilms was retained in
dual-species biofilms (Figure 3, Figure S6).
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deviations.

2.4. Cell Viability in an In Vitro Fibroblast-Dual Species Biofilm Co-Culture
An in vitro co-culture model consisting of fibroblast cells and two-species biofilms of

E. coli DH5↵ and P. aeruginosa ATCC-19660 was used to evaluate the safety of the PNPs
towards mammalian cells while eradicating biofilms. Polymeric nanoparticles were mini-
mally toxic towards the fibroblasts, maintaining ~90% viability at the highest concentration
evaluated. At the same concentration, PNPs reduced bacterial amounts up to ~6 log10
colony-forming units (Figure 4, Figure S7).
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is 2 log10. Data are averages of triplicates, with error bars indicating standard deviations.
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2.4. Cell Viability in an In Vitro Fibroblast-Dual Species Biofilm Co-Culture
An in vitro co-culture model consisting of fibroblast cells and two-species biofilms of

E. coli DH5↵ and P. aeruginosa ATCC-19660 was used to evaluate the safety of the PNPs
towards mammalian cells while eradicating biofilms. Polymeric nanoparticles were mini-
mally toxic towards the fibroblasts, maintaining ~90% viability at the highest concentration
evaluated. At the same concentration, PNPs reduced bacterial amounts up to ~6 log10
colony-forming units (Figure 4, Figure S7).
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2.4. Cell Viability in an In Vitro Fibroblast-Dual Species Biofilm Co-Culture
An in vitro co-culture model consisting of fibroblast cells and two-species biofilms of

E. coli DH5↵ and P. aeruginosa ATCC-19660 was used to evaluate the safety of the PNPs
towards mammalian cells while eradicating biofilms. Polymeric nanoparticles were mini-
mally toxic towards the fibroblasts, maintaining ~90% viability at the highest concentration
evaluated. At the same concentration, PNPs reduced bacterial amounts up to ~6 log10
colony-forming units (Figure 4, Figure S7).
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FIGURE 1: Transmission electron
microscopy of SUNCs. SUNCs were
electrochemically synthesized in
ultrapure water. Large non-spherical
nanocluster before filtration.
Magnification: 250,000× (a); ultra-
nanoclusters after filtration. A drop of 1:5
diluted stock solution of SUNCs was
allowed to evaporate onto 300 mesh
formvar-coated nickel grids, and then
TEM image was taken at 75 kV by a
ZEISS 109 microscope. Scale bar: 50
nm. Magnification: 85,000× (b).
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FIGURE 4 | The determination of the Minimum Biofilm Eradication Concentration (MBEC) against the H. pylori biofilm was evaluated by using the AB assay and the

CFU counting. Representative image of colorimetric MBEC evaluation by using AB. The black circle indicates the MBEC at 0.96 mg/L against H. pylori 110R (A). The

plot displays the percent reduction of AB in H. pylori biofilms at different concentrations of SUNCs compared to the corresponding untreated biofilms (B). CFU count

of SUNCs-treated and untreated biofilms (C). Data are presented as the mean of three replicates of three independent experiments. Controls correspond to 0 mg/L.

and 3 log2 dilutions higher than their MIC and/or MBC values,
respectively. These results clearly corroborated the limited cell
toxicity of our SUNCs with respect to commercially available
AgNPs characterized by greater dimensions, as reported in the
literature (Duran et al., 2010).

It has been widely demonstrated that H. pylori develops
biofilm both in vitro and in vivo (Cellini et al., 2005, 2008; Carron
et al., 2006; Grande et al., 2015). As reported by Koo et al. (2017)
the biofilm, initially defined as the “arcane behavior of bacterial
populations,” is considered today as a “principal virulence

Frontiers in Microbiology | www.frontiersin.org 9 July 2020 | Volume 11 | Article 1705

fmicb-11-01705 July 29, 2020 Time: 17:38 # 9

Grande et al. Anti-Helicobacter pylori Activity of Silver Nanoclusters

FIGURE 4 | The determination of the Minimum Biofilm Eradication Concentration (MBEC) against the H. pylori biofilm was evaluated by using the AB assay and the

CFU counting. Representative image of colorimetric MBEC evaluation by using AB. The black circle indicates the MBEC at 0.96 mg/L against H. pylori 110R (A). The

plot displays the percent reduction of AB in H. pylori biofilms at different concentrations of SUNCs compared to the corresponding untreated biofilms (B). CFU count

of SUNCs-treated and untreated biofilms (C). Data are presented as the mean of three replicates of three independent experiments. Controls correspond to 0 mg/L.

and 3 log2 dilutions higher than their MIC and/or MBC values,
respectively. These results clearly corroborated the limited cell
toxicity of our SUNCs with respect to commercially available
AgNPs characterized by greater dimensions, as reported in the
literature (Duran et al., 2010).

It has been widely demonstrated that H. pylori develops
biofilm both in vitro and in vivo (Cellini et al., 2005, 2008; Carron
et al., 2006; Grande et al., 2015). As reported by Koo et al. (2017)
the biofilm, initially defined as the “arcane behavior of bacterial
populations,” is considered today as a “principal virulence

Frontiers in Microbiology | www.frontiersin.org 9 July 2020 | Volume 11 | Article 1705

FIGURE 4 | The determination of the Minimum Biofilm Eradication Concentration
(MBEC) against the H. pylori biofilm was evaluated by using the AB assay and the CFU
counting. Representative image of colorimetric MBEC evaluation by using AB. The
black circle indicates the MBEC at 0.96 mg/L against H. pylori 110R (A). The plot
displays the percent reduction of AB in H. pylori biofilms at different concentrations of
SUNCs compared to the corresponding untreated biofilms (B). CFU count of SUNCs-
treated and untreated biofilms (C). Data are presented as the mean of three replicates
of three independent experiments. Controls correspond to 0 mg/L.
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FIGURE 5 | Representative H. pylori biofilms stained with Live/Dead kit and analyzed using fluorescence microscopy. The green fluorescence indicates
the live cells, whereas the red fluorescence indicates the dead cells or cells with a damaged cell wall. Panels (a,c,e,g) show the untreated H. pylori
biofilms, while panels (b,d,f,h) show H. pylori biofilms treated with SUNCs at MBEC concentrations of 1.28 mg/L for H. pylori strains ATCC 43504 and
23, 0.96 mg/L for 110 R, and 0.64 mg/L for F40/499. Scale bar: 5 μm.
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FIGURE 5 | Representative H. pylori biofilms stained with Live/Dead kit and analyzed using fluorescence microscopy. The green fluorescence indicates the live cells,

whereas the red fluorescence indicates the dead cells or cells with a damaged cell wall. Panels (a,c,e,g) show the untreated H. pylori biofilms, while panels (b,d,f,h)
show H. pylori biofilms treated with SUNCs at MBEC concentrations of 1.28 mg/L for H. pylori strains ATCC 43504 and 23, 0.96 mg/L for 110 R, and 0.64 mg/L for

F40/499. Scale bar: 5 µm.

factor in many localized chronic infections.” Biofilm infections
commonly recur after long periods of clinical quiescence, and
the key role of the EPS biofilm matrix in ensuring antimicrobial
tolerance to biofilms is widely demonstrated (Koo et al., 2017).

Among the common features of microbial biofilms, there is
the adherence. In fact, microorganisms adhere to both abiotic

materials such as plastic, metals, ceramics, etc., and biotic
surfaces such as tooth enamel, bone, skin, intestinal, vaginal
mucosa, and connective tissues, but also gastric mucosa as
demonstrated by Carron et al. (2006) who showed H. pylori
biofilm on human gastric mucosa. The multifactorial nature
of biofilm development and drug tolerance dictates important
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factor in many localized chronic infections.” Biofilm infections
commonly recur after long periods of clinical quiescence, and
the key role of the EPS biofilm matrix in ensuring antimicrobial
tolerance to biofilms is widely demonstrated (Koo et al., 2017).

Among the common features of microbial biofilms, there is
the adherence. In fact, microorganisms adhere to both abiotic

materials such as plastic, metals, ceramics, etc., and biotic
surfaces such as tooth enamel, bone, skin, intestinal, vaginal
mucosa, and connective tissues, but also gastric mucosa as
demonstrated by Carron et al. (2006) who showed H. pylori
biofilm on human gastric mucosa. The multifactorial nature
of biofilm development and drug tolerance dictates important
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Quantum Dots

band (CB), leaving a hole in the VB, and forming an exciton (i.e., an electron–hole
pair bound by Coulomb interaction). The impact of spatial confinement to the
nanoscale depends on characteristic length scales associated with the physical
property under consideration. In the case of the properties of excitons in
semiconductors, this characteristic length scale is given by the exciton Bohr radius
(a0), which ranges from *2 to *50 nm, depending on the material [33]. For
semiconductor NC sizes of approximately a0 and smaller, the exciton wave function
is affected by spatial confinement [33]. This induces size-dependent changes in the
density of electronic states and in the energy separation between them, which are
manifested in an increase of the bandgap (or HOMO–LUMO energy gap) and the
appearance of discrete energy levels near the band edges with decreasing NC
dimensions (Fig. 1) [33–35]. This effect is commonly referred to as quantum
confinement, and makes it possible to tune the optical spectra (absorption and
photoluminescence, PL) of semiconductor NCs through a wide spectral window by
simply changing their size, while keeping their composition constant (Fig. 1).
Further, the degree of quantum confinement may be different in different directions
of the NC, depending on its size and shape (Fig. 2) [33, 35]. If the exciton is

Fig. 1 a Schematic representation of the quantum confinement effects: the bandgap (or HOMO–LUMO
gap) of the semiconductor nanocrystal increases with decreasing size, while discrete energy levels arise at
the band-edges. The energy separation between the band-edge levels also increases with decreasing size.
b Photograph of five colloidal dispersions of CdSe QDs with different sizes, under excitation with a UV-
lamp in the dark. The color of the photoluminescence changes from red to blue as the QD diameter is
reduced from 6 to 2 nm. Adapted from Ref. [16] with permission of the Royal Society of Chemistry

Top Curr Chem (Z)  (2016) 374:58 Page 3 of 30  58 
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Son nanocristales de materiales semiconductores
(grupos III–V y II–VI). Poseen propiedades ópticas
particulares dadas por el confinamiento espacial de pares
electrón-hueco (excitones) en una o más dimensiones
(Efecto de confinamiento cuántico).

Este efecto es observado cuando el tamaño de estas
partículas es cercano a la longitud de onda de Broglie para
estos electrones, existiendo una transición de niveles de
energía continuos a discretos.

Manu Sharma et al., 2 - Nanomaterials in biomedical diagnosis, Editor(s): Suvardhan Kanchi, Deepali Sharma, Nanomaterials in
Diagnostic Tools and Devices, Elsevier, 2020, Pages 57-83.
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