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Bacterial biofilms are highly protected surface attached communities of bacteria that typically cause chronic
infections. To address their recalcitrance to antibiotics and minimise side effects of current therapies, smart drug
carriers are being explored as promising platforms for antimicrobials. Herein, we briefly summarize recent efforts
and considerations that have been applied in the design of these smart carriers. We guide readers on a journey on
how they can leverage the inherent biofilm microenvironment, external stimuli, or combine both types of stimuli
in a predictable manner. The specific carrier features that are responsible for their ‘on-demand’ properties are
detailed and their impact on antibiofilm property are further discussed. Moreover, an analysis on the impact of
such features on drug release profiles is provided. Since nanotechnology represents a significant slice of the drug
delivery pie, some insights on the potential toxicity are also depicted. We hope that this review inspires re-
searchers to use their knowledge and creativity to design responsive systems that can eradicate biofilm

infections.

1. Introduction

Since Alexander Fleming discovered penicillin in 1928 and the mass
production of the antibiotic began in the 1940’s, millions of lives have
been saved from the deadly effects of infectious diseases [1,2]. In recent
years however, pathogenic microbes have adapted to develop resistance
against many of our antimicrobial arsenal; a phenomenon commonly
known as antimicrobial resistance (AMR). These microbes can also
survive the host defenses as well as other external stresses by developing
biofilms [3,4]. Biofilms are described as small structural dynamic
communities of microbial cells (e.g, fungal, and bacterial species), that
excrete an extracellular polymeric substance also called the exopoly-
saccharide (EPS). The EPS, composed of proteins, lipids, enzymes and
extracellular DNA forms a crucial self-generated and very much pro-
tective heterogenous environment called the extracellular matrix, bio-
film matrix or EPS matrix (Fig. 1A) [5,6].

The matrix contributes to the high virulence and tolerance of bio-
films to antibiotics by restricting drug penetration, diffusion and
limiting the retention of antibiotics [7]. Within the matrix, a unique
microenvironment forms where slow growing cells thrive. Conse-
quently, biofilms are 10-1000 more tolerant to antibiotics compared to
their free motile planktonic cells [8]. While the components of the
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matrix may vary among microbes, their adherent features and ability to
colonize different surfaces and tissues remains common [9]. This in-
cludes medical devices such as sutures, catheters, and dental implants,
as well as tissues (e.g., skin wounds). Additionally, some bacteria possess
the ability to form biofilms in the air-liquid interface (also termed
pellicle or floating biofilm) [10]. Biofilm formation is involved in the
pathogenesis of many diseases and is responsible for up to 80% of all
human bacterial infections [11]. Pathogens frequently associated with
biofilms include Pseudomonas aeruginosa, Staphylococcus aureus, Escher-
ichia coli, and Candida albicans [12]. Because biofilm infections are
highly recalcitrant to antimicrobials, they persist and are major causes of
treatment failure in clinics. With increasing global interest in AMR, a
significant number of clinical isolates bearing drug-resistant genes to
last line antibiotics have been identified [13] and the risk to form biofilm
communities further amplifies the AMR burden. Biofilm formation is
broadly regarded as a 5 stages process that can be briefly summarized by
bacterial adherence, biofilm growth and final dispersion. The first stage
consists of the migration and adherence of free motile cells to a desig-
nated surface where they start to produce EPS (stage two), aggregate
densely, and form the matrix. Biofilm maturation starts in stage three,
where microcolonies and water channels are formed. Full maturity is
achieved in stage four, where the bacterial community is at its maximum
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cell density. In the final stage, the microcolonies are released from the
biofilm and migrate to different surfaces [12]. However, this conceptual
model does not fully address aggregated bacteria that do not attach to a
hard surface which are also often involved in clinical and environmental
settings. Suspended biofilm-like aggregates have been shown to embed
in host materials such as mucus and sloughs from wounds. For free-
floating aggregates, five mechanisms have also been highlighted that
describe their formation. This includes the detachment of surface
attached biofilms, growth of aggregates in the planktonic phase, growth
of aggregates initiated through cell surface components of single cells,
aggregation with host polymers via a mechanism known as depletion
aggregation or binding of bacteria to molecules in host fluids through
surface adhesion interactions. The reader is referred to a recent excellent
review that discusses in detail these mechanisms [14].

2. Biofilm environment

Microbes survive antibiotic therapy by altering their drug targets,
overexpressing efflux pumps, producing degrading enzymes or mutating
target genes [15]. These mechanisms are widely associated with
planktonic microbes but can also be observed in the biofilm state
(Fig. 1B). In biofilms, communities of bacteria adhere to biotic or abiotic
surfaces and embed themselves in a hydrated matrix (termed the extra-
polymeric substance (EPS)) [16]. Similar observations have been made
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in several species of yeast and filamentous fungi. A switch from the yeast
state to the hyphae state in Candida albicans and Exophiala dermatitidis is
recognised as a virulence factor and linked to biofilm formation [17].
EPS production during biofilm formation contributes to the intrinsic
resistance of biofilm communities. Additionally, the presence of
dormant cells, their spatial heterogeneity within the biofilm, quorum
sensing, and other stress responses are vital to biofilm recalcitrance
(Fig. 1B) [18,19].

2.1. EPS matrix

The EPS matrix is complex and makes up around 90% of the biofilm
biomass [20]. It is described as a ‘protective clothing’ that shelters
bacterial cells from environmental stress, structurally supports it and
functions to mediate intercellular communication [21]. The matrix is
mainly made up of polysaccharides, lipids, proteins, and extracellular
DNA (eDNA) which hinder the transport of antimicrobial agents. As a
result, sublethal doses reach the deeper layers of the biofilm and
contribute to the decreased activity of antimicrobial drugs. In a recent
study, Davenport and co-workers demonstrated that EPS from
A. baumannii inhibited the activity of tobramycin via physical in-
teractions but highlighted that the addition of cations reduced this
protective effect [22]. This feature was also reported by Billings et al
who showed that the ability of Psl (a major polysaccharide in the biofilm
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Fig. 1. Schematic diagram of biofilms and their resistance mechanisms. A) Major composition of biofilms. B) Major resistance mechanisms in biofilms.
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matrix of P. aeruginosa) to sequester antibiotics can be supressed in the
presence of high sodium chloride concentrations [23]. It was proposed
that the neutrally charged Psl forms complexes with other anionic
components of the matrix, highlighting existing interactions between
components of the matrix as contributors to the intrinsic tolerance of
biofilms. In fungal biofilms, the EPS was also found to prevent the
penetration of antifungals via drug binding [24].

Additionally, microcolonies embedded within the EPS are inter-
spersed by void areas or water channels that transport nutrients and
waste metabolites. Although the exact size of the pores is difficult to
estimate, an effective size range of 50 nm for loose flocs or below 10 nm
for dense biofilms was reported in P. fluorescens [25]. Additionally, thick
and highly confluent biofilms with dense microcolonies and small water-
channel-like voids were formed at high sucrose concentrations in
S. mutans [26]. In view of this, artificial channels were created in in-
fectious biofilms using magnetic-iron-oxide nanoparticles to enhance
the efficacy of antibiotics [27]. Through the creation of artificial chan-
nels perpendicular to the substratum surface, improved antimicrobial
efficacy of gentamycin (4- to 6-fold) was observed. Other means to
disassemble the EPS matrix involve the use of natural enzymes such as
DNases, proteases and alginases [28]. Treatment of biofilms with de-
oxyribonucleases or proteases causes hydrolysis of the phosphodiester
bonds of DNA or proteolysis of matrix proteins/adhesins in the EPS
matrix respectively. Therapeutically, treatment with DNase I resulted in
the marked reduction of biofilm adhesion and structural stability in
Vibrio parahaemolyticus biofilms [29]. Similar observations were made in
S. aureus and P. aeruginosa mixed species biofilms, where combined
treatment with trypsin and, DNase I led to a significant reduction in the
minimum biofilm eradication concentrations (MBEC) of meropenem
and amikacin alongside potent biofilm dispersal and dissolution [30].

2.2. Quorum sensing

Quorum sensing (QS) is defined as a cell communication mechanism
wherein the secretion of chemical signals (e.g., autoinducing peptides
(AIPs), homoserine lactones) activates genes that mediate cell motility,
virulence, competence, and biofilm development [31,32]. Microbial
cells within biofilm communities also adopt QS mechanisms to coordi-
nate cell proliferation, sustenance and dissemination [33]. The imper-
ative role of QS in biofilm development and virulence has drawn
attention to the identification of new antibiofilm strategies of eukaryotic
and prokaryotic origin [33,34]. Because QS directly controls bacteria
cell population [35], disruption of this signalling pathway is a viable
means to lower the selection pressure of bacteria. This has a direct
implication in regulating the expression of virulence factors and in
preventing the development of pathogenic biofilms [36]. Within this
context, the use of quorum sensing inhibitors has been proposed as a
strategy to enhance biofilm susceptibility to antibiotic therapy. For
instance, cinnamic acid derivatives were shown to markedly inhibit
biofilm formation and enhance tobramycin susceptibility [37].
Conversely and in fungal cells, Ramage and co-authors described the
inhibition of hyphae development during the initial stage of C. albicans
biofilm formation after treatment with the quorum sensing molecule
Farnesol [38].

2.3. Persister cells

Pathogenic microorganisms form biofilms as they adapt to stressful
conditions (e.g., nutrient limitations). Within the biofilm matrix, a sub-
population of cells emerge that enter a resting stage of persistence.
Unlike resistant cells that survive exposure to antibiotics, these meta-
bolically inactive cells tolerate antibiotic exposure due to their physio-
logical state of dormancy [39]. Without undergoing genetic mutations,
these cells can survive for long periods because most antibiotics have
cellular targets in dividing cells. As a result, populations of persister cells
are major contributors of relapsing infections [40]. In a bid to kill
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persister cells, various approaches have been explored, such as direct
killing of the sleeping cells via the application of agents that do not
require any cell machinery (e.g, mitocin C and cisplastin) [41,42].
Along the same lines, antimicrobial peptides can exert action against
different sub-populations irrespective of the metabolic stage. In this
way, preformed biofilms harbouring high percentages of persister cells
were successfully dispersed and killed following treatment with AMPs
with arginine and tryptophan repeat units [43]. Alternatively, the
addition of sugars and glycolysis intermediates can be applied to wake
up sleeping cells for subsequent antibiotic treatment [44].

3. Smart materials as carriers for biofilm therapy

The modulation of the physicochemical properties of drug delivery
systems (DDS) holds tremendous potential in improving the biological
fate of therapeutic cargos against infectious diseases. Panels of studies
have demonstrated the impact of nanoparticle size, shape, and surface
properties in enhancing antibacterial properties [45-49]. Besides, the
temporarily dilated and leaky blood vessels around infected cutaneous
injuries (due to the enhanced permeability effect) has encouraged the
passive accumulation of polymeric nanoparticles injected in vivo [50].
However, improved nanoparticle penetration/accumulation is only
effective if high concentrations of the antimicrobial are available within
the infection site. Equally so, the timely release of the antimicrobial is
critical as the mere presence of the nanoparticle may especially have no
impact on slow-growing cells within the biofilm. Additionally, in other
pathological conditions such as infective endocarditis, targeted antimi-
crobial formulations are fundamental to eradicate pathogens and limit
high-risk surgical intervention [51]. Therefore, maintaining the right
concentration gradient of the free antimicrobial agent via the use of
engineered smart drug delivery systems that are reliably activated in
response to specific stimuli is crucial to achieve therapeutic success.

Concordantly, these materials aid nanoparticle navigation in the
body and provide an avenue to overcome low on-target bioavailability,
sub-therapeutic drug accumulation in microbial sanctuary and low pa-
tient compliance due to drug toxicity [52]. Smart materials (also
referred to as intelligent or environmentally responsive materials) have
attracted immense attention in this regard for use as carriers in drug
delivery, imaging and in the development of sensors [53-55]. The
stimulation of these materials in response to specific internal stimuli that
differentiates the bacterial microenvironment from normal cells in
humans (e.g., pH, ionic strength, elevated enzymes/toxins and oxidative
stress) can be exploited for controlled release of antimicrobial cargos
[56]. At the same time, parallel efforts have been invested in applying
external stimuli such as light, electrical, and magnetic field to improve
the performance of passively/actively targeting antimicrobial nano-
medicines or to generate other local stimuli that promote disruption of
the biofilm.

In this review, we analyze drug delivery systems that respond to
internal or external stimuli for a triggered drug release against biofilms.
We discuss the features behind these mechanisms and how they improve
biofilm penetration and destruction. Additionally, an analysis on how
the responsiveness impacts drug release and effectiveness against bio-
film destruction is provided. Finally, a brief section on toxicity of the
systems is portrayed. There are excellent reviews that discuss current
progress on stimuli-responsive systems but don’t distinguish between
their antibiofilm and antibacterial applications (i.e., discuss applications
against both biofilm and planktonic bacteria) [57-59]. Owing to the
impact of the biofilm matrix and its unique microenvironment to drug
tolerance and recurrence of infection, this review narrows the literature
to biofilm therapy by accessing how these carriers eradicate and/or
inhibit biofilms. The construction of stimuli-responsive nanocarrier for
bacterial biofilm destruction has been reviewed elsewhere [60] yet, to
the best of our knowledge, this is the first review to address stimuli-
responsive delivery systems against both bacterial and fungal biofilms.
Moreover, to guide translational efforts, this review additionally
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provides an analysis on how drug release is influenced and discusses
relevant toxicity concerns. We anticipate that the development of multi-
responsive nanocarriers holds immense potential to favourably interact
with biofilms and improve the efficacy of conventional antibiotics. This
review aims to engage and inspire scientists in developing highly effi-
cient nanocarriers towards the fight against recalcitrant biofilm
infections.

4. Drug delivery systems responding to bacterial
microenvironment

4.1. pH-responsive

Polymeric systems with pH-responsive properties alter their size,
shape or surface chemistry in response to solution pH [61]. These car-
riers contain ionizable acidic or basic residues (e.g., carboxyl, pyridine,
sulfonic, phosphate and tertiary amine) that can donate or accept pro-
tons [61]. Common strategies that impart pH responsiveness include the
fabrication of polymers with charge shifting properties or acid labile
linkages. In the first instance, charge shifting systems prepared with
hydrophobic polymers (e.g., poly (B-amino ester), poly(4-vinyl pyri-
dine)) revert to a cationic and hydrophilic state while hydrophilic
polymers such as poly(propyl acrylic acid) become more hydrophobic
when the pH of the solution drops [62,63]. On the other hand, polymeric
systems with pH labile linkages such as hydrazone, imine, or acetal/
ketal show enhanced hydrolysis at low pH environments [64-68]. A
summary of pH-responsive systems, as well as the specific stimuli-
responsive functions can be found in Table 1 and representative exam-
ples are illustrated in Fig. 2. On the premise of enhancing nanoparticle
stability, the synthesis of crosslinkers with charge shifting or acid labile
moieties (e.g., ethylene glycol dimethacrylate, disulfide) can be explored
[69,70]. Following ionic/non-ionic transition, these polymeric systems
self-assemble, precipitate, swell or (de)swell to control drug release,
cellular uptake, or binding affinity. Owing to the unique acidic pH
within infection sites, these nanocarriers have potential applications for
site-specific antimicrobial activity with minimal toxicity.

Surface modified nanoporous silica nanoparticles prepared with poly
(4-vinylpyridine) were developed for the delivery of chlorhexidine by
Fullriede et al. The carrier showed a cationic surface potential under
acidic conditions (due to the protonation of the pyridine groups). An
increasing amount of chlorhexidine was released over 5 days irre-
spective of pH value, however the authors observed higher amounts in
acidic conditions. A comparison between unmodified particles and the
responsive carrier showed that the coating reduced the amount of
chlorhexidine released over time in neutral conditions. Still, antibacte-
rial activity in acidogenic S. mutans was also observed at high pH con-
ditions using the resazurin assay. This was attributed to uncontrolled
leaching of chlorhexidine [74]. Considering the impact of short and
inaccurate doses of antimicrobials on the development of resistance,
tailoring drug release is essential for such systems. To enhance drug
retention and promote affinity of these materials, Niaz and colleagues
developed a mucoadhesive coacervate system using sodium caseinate
and sodium alginate [75]. The nanocarrier demonstrated high entrap-
ment (75.1 £+ 1.2%) of nisin at acidic pH with significantly enhanced
muco-absorption due to the cationic charge of casein at acidic pH.
Although the authors demonstrated rapid release of nisin in simulated
salivary fluid (pH 6.8), comparative release at physiological pH was not
assessed. After 24 h exposure of the formulation, biofilm inhibition as-
says demonstrated up to 65% inhibition of S. epidermidis biomass pro-
duction and a marked increase to almost 100% inhibition was observed
at 48 h. Similar high inhibition of E. faecium (90%) and E. faecalis (84%)
was seen with the nano-antimicrobials after 48 h. Free nisin on the other
hand achieved only 45%, 25% and 32% inhibition in S. epidermidis, E.
faecium and E. faecalis. The biomass inhibition of free nisin did not in-
crease much after 48 h.

To improve these observations, biominerals such as calcium
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carbonate and calcium phosphate maintain a robust structure under
physiological pH and dissociate to ionic species under acidic pH.
Therefore Min and colleagues developed a nanoparticulate system for
the topical release of antibiotics against oral biofilms [71]. Using a
polyethyleneglycol-polyaspartate (PEG-PAsp) templated mineralization
method, a CaCOg3 core was formed wherein the anionic Pasp promoted
the nucleation and growth of the mineralized core with simultaneous
loading of doxycycline. The authors reported that the mineral core
inhibited the leakage of entrapped doxycycline (19.8% release at pH 7.4
over 24 h) under normal salivary pH conditions. Conversely, a signifi-
cant release of doxycycline and calcium was recorded at acid pH con-
ditions (pH 6.5, 5.5. and 4.5) triggered by the accelerated decomposition
of the mineral core into ionic species with high potency against Pre-
votella intermedia biofilms. This observation was attributed to the
exponential increase of the solubility of CaCO3 in aqueous solution at
low pH conditions. Moreover, both a decrease in biofilm formation at a
controlled acidic pH and inhibitory effect against preformed biofilms
were observed with the formulation, assessed with crystal violet staining
assay and confocal images, respectively. At the highest (170 pg/mL)
dose of the nanoparticles, >40% inhibition of biofilm formation was
observed in controlled pH conditions.

Numerous pH-responsive carriers that rely on inherent charge-
shifting properties, have also been investigated for biofilm therapy. A
study by Hassan and colleagues recently studied a novel oleylamine
based zwitterionic nanovesicle for the delivery of vancomycin against
MRSA biofilms [76]. A switch in surface charge of the vesicles from
—6.97 + 6.5 mV (pH 7.4) to +13.3 + 1.75 mV (pH 6.0) was observed
due to the protonation of the secondary amines in oleylamine. Corre-
spondingly, in vitro drug release demonstrated 92.12 + 1.1.% released
vancomycin at pH 6.0 whereas, 73.22 + 0.02% drug release was re-
ported after 72 h at pH 7.4. Moreover 95-fold lower MRSA burden was
observed in vivo compared to the free vancomycin using colony counting
on agar plates with the homogenized skin tissues. Zhao and co-workers
fabricated a pH-responsive nanocarrier for chlorhexidine delivery [77].
In this work, core-shell polyionic complex micelles were prepared using
citraconic anhydride modified polymers. Drug loading of the cationic
chlorhexidine was achieved via electrostatic interactions. Degradation
of citraconic amine groups was shown to be sensitive to acidic pH with
the disassembly of the micelles and release of chlorhexidine. Using
confocal microscopy, in vitro release assessment revealed 69% chlor-
hexidine was released after 3 h under acidic environments alongside
efficient killing of Steptococcus mutans biofilms. Another lipid-based
delivery system was used by Zhou et al [78] wherein quaternary
ammonium salt of chitosan was electrostatically adsorbed onto lipo-
somes for the delivery of doxycycline. Protonation of the residual amines
on the chitosan coating at acidic pH led to half-time release of 0.75 h and
2.3 hrespectively at pH 4.5 and 6.8 respectively. Here assessment of the
release profile at physiological pH was unfortunately not performed.
Nevertheless, these effects were confirmed through the observation of a
zeta potential shift —9.08 mV (physiological pH) to +8.92 mV (pH 4.5),
as well as the observation of a burst release of drug content at acidic pH
when compared to a pH of 6.8. It is however noted that the observed
burst release was prominent only within the first 4 h of the studies after
which there was not much difference between the release profiles. On
the other hand, the carriers achieved biofilm disruption (evaluated with
scanning electron microscopy, crystal violet staining and confocal mi-
croscopy) without significant signs of toxicity to the osteoblastic cell
line, MC3T3-E1. Liu and colleagues recently described the preparation
of a surface adaptable micellar system for the delivery of a hydrophobic
compound triclosan [79]. To achieve this, the authors compared mixed-
shell-polymeric-micelles (MSPM) with single-shell-polymeric-micelles
(SSPM) wherein the former carrier possessed a shell comprising poly
(ethylene glycol) and a poly(f-amino ester) (PAE), while the later lacked
the PAE function (responsible for the pH-triggered action). The authors
demonstrated the surface adaptable features of the mixed shell system
due to protonation of the PAE group at a pH of 5.0, a phenomenon not



A. Sousa et al.

Journal of Controlled Release 354 (2023) 394-416

Table 1
Internally-responsive drug delivery systems.
Trigger Active compound Stimuli responsive function Core Material / System Purpose Reference
pH Chlorhexidine Poly(4-vinylpyridine) Nanoporous silica The polymer becomes protonated at acidic [74]
pH, creating pores between the chains due to
electrostatic repulsion allowing for drug
release
Nisin (antimicrobial Casein Protein and polysaccharide nano- Casein is positively charged at acidic pH, and  [75]
peptide) coacervate at simulated salivary fluid (pH 6.8), the
decrease in the positive charges reduces the
stabilization between casein and sodium
alginate, releasing the nisin
Doxycycline Calcium carbonate Calcium carbonate nanoparticles At acidic pH, the mineralized nanoparticles [71]
dissociate to ionic species and release the
loaded drug
Vancomycin Oleylamine based Chitosan-lipid hybrid nanovesicles Acidic environment results in protonation of  [76]
zwitterionic lipid nitrogen atoms in mine group of oleylamine
and chitosan, causing repulsion between lipid
and polymer and a system disturbance
Chlorhexidine poly(2-(((2-aminoethyl) Polymeric micelles composed of PG Low pH converts the polymer’s citraconic [771
carbamoyl)oxy)ethyl and pH-responsive polymer amides to cationic primary amine, reverting
methacrylate)/citraconic the anionic nature of the polymer to cationic
anhydride and inducing the release of positively charged
chlorhexidine due to repulsion forces
Doxycycline Quaternary ammonium Liposomes coated with quaternary Acidic milieu protonates the residual amines [78]
chitosan ammonium chitosan of quaternary ammonium chitosan,
destabilizing the particles and leading to drug
release
Farnesol p(DMAEMA-co-BMA-co- Polymeric micelles Low pH values protonate diethylaminoethyl [80]1
PAA) methacrylate (DEAEMA) and propylacrylic
acid (PAA), and the resulting disturbance
released encapsulated farnesol
Ciprofloxacin and Hydrazine linker Alginate nanoparticles Acidic environment cleaved hydrazone bond [51
quorum sensing between the polysaccharide and the quorum
inhibitor sensing inhibitor, releasing ciprofloxacin as
well
Polymer poly(ethylene glycol)- Carbon dots and polymer Mildly acidic pH hydrolyses the amide in the [72]
COOH-polyethyleni- mine- polymer, reversing its charge from negative
2,3-dimethylmaleic to positive and resulting in electrostatic
anhydride repulsion between polymer and positively
charged carbon dots, further converting the
polymer into an antibacterial agent
Vancomycin and 18p-  Carboxilic group in the lipid ~ Lipid-polymer nanoparticles At low pH the amine groups in [81]
glycyrrhetinic acid and amine in polyallylamine hydrochloride and carboxylic
polyallylamine group in oleic acid are protonated and repel
hydrochloride each other, dispersing the system
Hyaluronidase Gentamicin Hyaluronic acid (HA) Multilayer film of montmorillonite/ Hyaluronidase degrades HA and leads to [82]
HA-gentamicin gentamicin release
Cateslytin Hyaluronic acid (HA) Polysaccharide multilayer film of and Degradation of HA in the presence of [83]
(antimicrobial chitosan hyaluronidase for cateslytin release
peptide)
Lipase Triclosan Ester link Micelles with hydrophobic poly Ester linker is broken down by lipase and [84]
(p-amino ester) core and hydrophilic releases triclosan
PEG shell
Cinnamaldehyde and Ester bond Vertically aligned mesoporous silica Lipase-triggered corelease of [85]
ampicillin coating loaded with ampicillin and cinnamaldehyde and ampicillin;
cinnamaldehyde attached to The system was also pH-responsive and the
nanovalves through an enzyme- release profiles of the loaded compounds
sensitive linker depend of the applied stimuli
Triclosan Polycaprolactone (PCL) Polyurethane micelles with Degradation of polycaprolactone through [86]
hydrophobic PCL corea and lipase action; System is also pH sensitive
hydrophilic PEG shell
Chlorhexidine Caprolactam ring in Polymeric micelles Micelles of Soluplus® were enzyme- [87]
Soluplus® responsive for chlorhexidine release
Phosphatase/ Vancomycin Polyphosphoester PEG nanogel Cleavage of polyphosphoester leads to drug [88]
Phospholipase release from the system
Phospholipase Doxycicline Lipid Liposomes with chitosan-modified Phospholipid degradation by phospholipase [89]
A2 gold nanoparticles A2 release drug due to destruction of
membrane integrity
Gelatinase Chloramphenicol Gelatin Gelatin nanoparticles in a microneedle  Gelatinase triggers the release of [90]
patch chloramphenicol in the biofilm
Hypoxia Ciprofloxacin Azo groups Lactose-modified azocalix[4]arene Reduction of azo groups by azoreductase [91]

leads to ciprofloxacin release after targeting
of bacteria via the binding of lactose to the
glycoproteins on the bacterial surface
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Fig. 2. Development of pH and enzyme responsive systems with enhanced biofilm penetration and activity. Adapted from [71]-[73].

observed for SSPM. Both carriers demonstrated a burst release of tri-
closan in the presence of lipase due to the enzymatic degradation of the
hydrophobic group. Contrary to the single shelled system where no af-
finity or penetration was seen, MSPMs penetrated staphylococcal bio-
films at pH 5.0. Reduction in metabolic activity was observed at low
triclosan concentrations in the MSPM (compared to encapsulation in
SSPM or alone) with evidence of Staphylococcal killing observed at
higher triclosan concentrations via bio-optical imaging.

To harness acid labile polymers that enhance surface binding at

399

relevant acidic environment, Horev and colleagues developed a self-
assembled nanoparticulate system using acid labile 2-(dimethylamino)
ethyl methacrylate (DMAEMA) and 2-propylacrylic acid (PAA) to
expedite the release of farnesol and enhance binding to the dental sur-
face at acidic pH conditions [80]. The nanoparticles comprised cationic
poly (dimethylaminoethyl methacrylate) coronas and hydrophobic and
pH responsive 2-(dimethylamino) ethyl methacrylate (DMAEMA), butyl
methacrylate (BMA) and 2-propylacrylic acid (PAA) (p(DMAEMA)-b-p
(DMAEMA-co-BMA-co-PAA)) cores. Destabilization of the nanoparticle
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core at acidic pH led shorter half-life (t;,2 = 7 h) at physiological pH
compared to acidic pH (t;,2 = 15 h) with approximately 75% drug
release at pH 4.5 within 12 h. Compared to binding capacity of phos-
phate (50%) and alendronate (30%) functionalized micelles to hy-
droxyapatite, the protonated nanoparticle showed higher binding (67%
binding) due to the increased protonation of the amine residues in p
(DMAEMA). Caries scoring according to Larson’s modification of Keyes
system showed that topical treatment of Streptococcus mutans biofilms
effectively reduced the number and severity of carious lesions in vivo.
Colony counting assessment revealed that the nanoparticles achieved
80% reduction in colony forming units per biofilm dry weight whilst the
free drug showed only a modest 20% reduction. Engineered alginate
nanoparticles incorporating a pH-responsive linker between a quorum
sensing inhibitor (QSI) and the backbone of alginate were also devel-
oped by Singh and colleagues [5]. The trigger was dependent on a hy-
drazine linker, used to connect the backbone of the polysaccharide and a
QSI that targets the PqsR receptor. Charge to charge interactions be-
tween the alginate matrix and ciprofloxacin was employed as a strategy
for drug loading against P. aeruginosa biofilms. It was reported that
acidic conditions triggered the cleavage of the QSI from the alginate
matrix alongside release of ciprofloxacin for synergistic antibacterial
activities on pre-existing P. aeruginosa skin infection. Interestingly,
testing the effect of the nanoparticles on a 2D keratinocyte infection
model showed that the empty nanoparticles resulted in a significant
reduction in the biofilm volume, average thickness, and surface area of
the infection. Finally, in vitro assessment of the nanoparticle showed
deep biofilm penetration of the nanoparticles which protected kerati-
nocytes against P. aeruginosa infections. In another work developed by Li
et al, the protonation of a shielding copolymer was exploited as a
strategy to achieve pH triggered antibacterial response [72]. In their
study, a carbon dot-based carrier was coated with poly(ethylene glycol)-
COOH-polyethylenimine-2,3-dimethylmaleic anhydride. The polymer’s
protonation under mildly acidic conditions provoked a detachment from
the positively charged carbon dots due to electrostatic repulsion. The
disassemble of the carrier resulted in a unique synergistic antibacterial
effect wherein the polymer had biocidal action and the carbon dots
generated ROS. The system achieved a 60% inhibition of S. aureus bio-
film formation, assessed through the measure of biofilm biomass, and
destroyed preformed biofilms as seen through confocal laser scanning
microscopy.

Hybrid nanoparticles were also used by Jaglal and colleagues as a pH
responsive system for dual delivery of antimicrobial agents [81]. In this
approach, an optimized lipid-polymer system was encapsulated with
18p-glycyrrhetinic acid (a pentacyclic triterpenoid) and vancomycin to
achieve synergistic antibacterial effect. The pH-triggered protonation of
the lipid core (composed of oleic acid) and polymeric shell induced
cleavage of the ion pair bonds leading to a sustained and enhanced
release of the antibiotic and 18p-glycyrrhetinic acid. The synergistic
release of the antimicrobial agents led to a 16-fold increase in potency
within 24 h compared to the use of vancomycin alone against planktonic
MRSA. Surprisingly, enhanced potency was not observed against the
susceptible strain wherein the formulation showed similar activity as
bare vancomycin. Additionally, crystal violet assays demonstrated that
although 69% elimination of MRSA biofilms was observed for the
formulation, this was achieved using concentrations of 100 times greater
than the minimum inhibitory concentrations which can have potential
toxicity concerns.

4.2. Enzyme-responsive

The overexpression of specific enzymes at infection sites has pro-
vided researchers with strategies for the development of internal
stimuli-responsive nanocarriers, typically focused on the cleavage of
certain chemical bonds. Examples of reported enzymes used for these
approaches include hyaluronidase, lipase, phospholipase, phosphatase,
matrix metalloproteinase, gelatinase, glutamil endonuclease, penicillin
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G amidase and p-lactamase. A summary of different enzyme responsive
systems can be found in Table 1.

Hyaluronidase-responsive systems are among the most reported
systems for biofilm targeted treatment (Fig. 2). In this context, the team
of Wang et al [82] developed a gentamicin-loaded multilayer film with
antibacterial action triggered by hyaluronidase degradation. The
multilayer films were based on the alternate self-assembly of montmo-
rillonite/hyaluronic acid-gentamicin and revealed a controlled anti-
biotic release. This was dependent on the presence of hyaluronidase in
the bacterial microenvironment through the degradation of the films in
a top-to-down manner. This mode of action showed bactericidal prop-
erties and accounted for the prevention of bacterial attachment and
preventing biofilm formation. Using confocal microscopy and colony
counting methods, numerous living bacteria were observed for the
control (87 + 16 CFU/10% pmz) whereas the film surface showed
sporadically few living bacteria (<2 CFU/10* pm?). A similar approach
was tested against bacteria and fungi, where Cado et al developed a
multilayer film functionalized with hyaluronic acid for hyaluronidase-
responsive biofilm prevention, against both Staphylococcus aureus and
Candida albicans. A cysteine residue was added to the C-terminal end of
bovine cateslytin (an antibacterial and antifungal peptide) to graft it to
hyaluronic acid, and the film was fabricated by depositing alternating
layers of peptide-functionalized hyaluronic acid and chitosan on a sur-
face. Such strategy showed a controlled release of the peptide upon
exposure to these pathogens and fully inhibited the development of both
species after 24 h as determined via the microdilution assay and colony
counting [83].

Lipase-sensitive nanoparticles have been broadly reported as an
antibacterial strategy resulting from its overexpression at infection sites.
The mainly reported tactics focused on the cleavage of certain bonds as
esters [84,85], fatty acid esters or anhydrides [92], polyesters such as
polycaprolactone [86], aliphatic-aromatic polyesters (under specific
conditions) [93] and polymers such as Soluplus® [87]. For example, Liu
et al used an ester link to conjugate Triclosan to micelles formed by poly
(ethylene glycol) (PEG)/poly(p-amino ester) (PEG-PAE) block copol-
ymer that was degraded by bacterial lipases. PEGylation made the mi-
celles biologically invisible, since they assumed a negative surface
charged at physiological pH, and is thus suitable for blood stream
transport of antimicrobials. Exposure of PAE moiety at acidic pH
enabled self-targeting of bacteria and biofilm penetration after 2 h of
exposure. Moreover, the system showed superior killing efficacy in vitro
against multi-drug resistant strains of S. aureus and E. coli in comparison
to the antibiotic solution, and was effective in vivo against sub-cutaneous
MDR S. aureus infection in mice (using H&E staining) and ex vivo in
human multi-species oral biofilms [84]. Against Streptococci mutans,
confocal microscopy revealed that the triclosan micelles reduced biofilm
viability to 4% upon 2 mins exposure whilst in Streptococci mitis 13%
viability of the biofilms was observed. In another strategy reported by
Wang et al, the deposition of nanovalves through an enzyme-sensible
linkage on medical stainless steel was explored for dual pH and
enzyme-responsive antibacterial activity. Following the coating of the
material with vertically aligned mesoporous silica, the nanovalves
(B-cyclodextrin functionalized with monopyridine) were immobilized to
the coating (with a linker containing ester bonds) and both cinna-
maldehyde and ampicillin were encapsulated into the silica coating.
Since the system responded both to pH variation and enzyme presence,
the release profile of the compounds differed depended on the trigger.
Acidic pH microenvironments triggered the release of cinnamaldehyde
alone, whereas under lipase action, both cinnalmaldehyde and vanco-
mycin (through the cleavage of ester bonds) were released. [85]. Fluo-
rescence microscopy images revealed that the carriers displayed
outstanding anti-adherent performance and achieved 3.51-fold reduc-
tion in surviving E. coli adhesion compared to the control group. How-
ever, neither of the previously mentioned studies assessed antimicrobial
activity against fungal biofilms that can also benefit from lipase-
sensitive strategies.
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The lipase-sensitive polymer polycaprolactone (PCL) was also used
in a study by Su et al where three polyurethane micelles with a PEG
hydrophilic shell and a PCL core were developed, the latter encapsu-
lating triclosan. Lipase has been reported to degrade PCL and whilst all
carriers showed triclosan release, different release profiles were re-
ported, according to how tightly packed the PCL chains were in the
different micelles. Under acidic conditions, the micelles showed effec-
tive biofilm penetration and antibacterial effect against S. aureus [86].
Moreover, the encapsulation of triclosan showed higher antimicrobial
activity against planktonic bacteria than the free drug. Antibiofilm ac-
tivities of the formulation revealed >90% destruction of S. aureus bio-
films. Even though the authors consider the potential of one of the
micelles for bacterial infection treatment, no in vivo assessment was
conducted in this study.

In 2019, the team of Albayaty developed micelles based on Sol-
uplus® and Solutol, at different mixing ratios, as lipases and esterases
secreted by some microorganisms can degrade the caprolactam ring
present in Soluplus®. Whilst Soluplus® micelles had an increase in
chlorohexidine release upon lipase exposure, mixed micelles showed
lower release in the presence of the enzyme. Regardless, crystal violet
assays demonstrated a 2.4 and 2.1-log reduction in biomass for Sol-
uplus® micelles and Soluplus-Solutol mixed micelles loaded chlor-
ohexidine in MRSA, enhancing the penetration degree of chlorohexidine
into the biofilms [87]. On the other hand, only 0.9 log reduction in CFU
was observed for the free chlorhexidine. Phospholipase or phosphatase-
responsive systems have been designed using phosphoesters and phos-
pholipids for bacterial killing. In this context, Xiong et al created a
macrophage-targeting nanogel with mannosyl ligands conjugated to
poly(ethylene glycol) and polyphosphoester for degradation upon con-
tact with bacteria-produced phosphatases or phospholipases. Such
degradation led to the release of vancomycin, with antibacterial effect
confirmed in vivo in zebrafish embryo model which demonstrated that
the delivery system could responsively and effectively destroy bacteria
[88]. A different approach was reported by Thamphiwatana and col-
leagues who were able to synthesize phospholipase A2-responsive li-
posomes, stabilized with chitosan-modified gold nanoparticles. With
this synthesis, the team was able to prevent drug leakage and achieve
controlled drug delivery upon exposure to the pure enzyme or Heli-
cobacter pylori-secreted enzyme. Using Rhodamine B as a model drug,
the authors showed increased release over time (that increased with
higher bacterial concentrations), and a lower release profile when a
phospholipase-A2 inhibitor was present. After liposomal loading with
doxycycline, inhibition of bacterial growth was observed against
H. pylori, which was reduced when an enzyme inhibitor was added to the
culture, showing that a controlled release could be achieved [89].
However, the author’s evaluation of formulation effectiveness was
limited to the planktonic form of bacteria.

Alternative enzymes are gaining some attention as endogenous
stimuli for triggered antibiofilm action. For instance, Vibrio vulnificus
biofilms were treated with chloramphenicol encapsulated gelatinase-
triggered nanoparticles that were loaded into a polyvinylpyrrolidone
(PVP) microneedle patch. The team of Xu et al demonstrated a respon-
sive drug release upon gelatinase exposure, with enhanced release of
chloramphenicol when exposed to increasing enzyme concentrations.
The application of the patch onto the biofilm resulted in physical
disruption with drug diffusion observed through the biofilm matrix.
Colony counts also revealed an enhanced antibiofilm effect of the patch
with 63.2% reduction in colony forming units at 8 h in comparison to
free chloramphenicol [90]. The authors reiterated the future applica-
tions of the patch as promising formulation to aid wound healing,
however no in vivo studies were conducted.

4.3. Hypoxia-responsive

A hypoxic environment is another characteristic trait at a biofilm
infection site. This feature is also present in tumors for example, and
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hypoxia-triggered drug delivery systems have been developed for anti-
tumor treatment [94]. However, limited studies have used this
approach for antibacterial purposes, and the biofilm structure poses an
additional challenge for their application. Nevertheless, the use of azo
bonds in carrier design as a hypoxia-responsive function has been re-
ported with promising in vivo results. In 2022, Li et al [91] developed a
lactose-modified azocalix[4]arene loaded with ciprofloxacin and
applied to diabetic multidrug-resistant P. aeruginosa infected wounds. In
this work, a calix[4]arene core was loaded with ciprofloxacin and
attached to the outer portion of the carrier through azo groups. The
outer portion of the carrier was terminated with lactose as means of
bacteria targeting (due to interactions between lactose and glycopro-
teins present at bacterial surface). Under hypoxic conditions, azo groups
are reduced by azoredutases, freeing the antibiotic from the carrier’s
core. Triggered drug release was confirmed when reduced absorbance
was observed after adding the chemical mimic of azoreductase, as well
as an increase in fluorescence intensity (after loading the carrier with
Rhodamine B). Moreover, drug release was assessed with confocal laser
scanning microscopy, where bacterial treatment with different formu-
lations revealed that the carrier loaded with a fluorescent dye displayed
high fluorescence under hypoxic conditions, accompanied with the
highest number of dead bacteria. Biofilm treatment with the carrier
resulted in a reduction in biofilm thickness observed in confocal images,
and up to 80% biofilm reduction (assessed via crystal violet staining
assay). Moreover, in vivo infected wounds in diabetic mice showed quick
wound closure after treatment with the loaded carrier. The plate
counting method also revealed that almost no bacteria was present after
6 days.

5. Externally triggered DDS
5.1. Light-responsive

As reported above, there are several advantages in adopting the
microenvironment of biofilms as a trigger for the antibacterial action of
nanocarriers. Despite the benefits, challenges arise from variations in
the microbial composition of biofilms. Accordingly, microbial compo-
sition of the biofilm plus the vast differences in the microenvironment
where it forms (e.g, skin, eye, mouth, vagina) ultimately impacts the
performance of a formulation. To overcome such challenges, antibac-
terial nanocarriers can be designed to respond to an external trigger in a
predictable manner. As an example, light is commonly used as an
external stimulus to achieve spatiotemporal response, having different
biomedical applications such as diagnostics, laser surgery, skin condi-
tions and seasonal mood disorders [95]. Furthermore, the fabrication of
light-activated nanocarriers is attractive since certain wavelengths,
especially the near-infrared (NIR) window, allows for deep tissue
penetration without significant damage to healthy surroundings
[96,97]. The synthesis of a light-responsive nanocarrier with antibiofilm
action can therefore be a suitable approach for on-demand antibacterial
action for clinical applications. Examples are summarized in Table 2 and
representative studies are illustrated in Fig. 3.

5.1.1. Photothermal therapy

Within the scope of light-triggered carriers, photothermal therapy
(PTT) is a concept applicable to nanomaterials with the ability to
convert photonic energy (within the spectral range of 650-900 nm) into
heat. The subsequent damage to the biofilm is due to local hyperthermia
generated upon radiation and mediated by the strong absorption prop-
erties of the nanocarriers. Moreover, the heat generated from PTT can
unleash certain chemical reactions. Examples include the destruction of
non-covalent interactions between a nanoparticle and active molecules
(such as an antibiotic) [104], enzyme activation [105], nitric oxide
release (using NO donors such as N-Diazeniumdiolates and S-nitro-
sothiols/S-nitrosoglutathione [103] or even the induction of movement
[98]. A myriad of materials can be employed for PTT, such as the noble
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Table 2
Light-triggered drug delivery systems.
Trigger Strategy Active compound Core material Stimuli responsive interaction/System Purpose Reference
. Non-covalent bond between carrier and Increase in ter-nperatu‘re destroyed
Daptomycin Gold e non-covalent interactions between [115]
antibiotic I .
antibiotic and carrier
I i h
Conjugation between gold nanorods nerease in terr{peratl{re made the
. . . . protease reach its optimal temperature
Bromelain (protease) Gold and cysteine residue in the protease . . . [105]
R . reaction (with consequent enterotoxin
(using Au—S chemistry) .
destruction)
. Increase in temperature destroyed
Interaction forces between H, and Pd . . .
Hydrogen Pd atom interaction forces between carrier and [116]
hydrogen
Gold nanoparticles + Vancomycin loaded SiO, shells with Increase in temperature induced the
_P Mesoporous silica gold nanoparticles embedded in the motion of the carrier to deeper biofilm  [98]
vancomycin )
inner face layers
Penicillin MoS, Non-cm(alent (hydrophobic Incre'flse‘ in temperature led to [104]
adsorption) antibiotic release
Loaded carbon quantum dots were
Phototh 1
c:;c;traerma incorporated into PLGA NPs; The
Py . Hydrogen bonds (between C=0 groups  temperature increases to a value equal
Azythromycin/ .
Tobramycin Carbon of carbon quantum dots and OH of or above glass transition temperature [99]1
Y azithromycin or NH of tobramycin) of PLGA and induced a phase
transition of the carrier with
consequent antibiotic release
S-nitrosothiol Temperature increase breaks S-NO
Graph - 128
Light (NO donor) raphene bonds for NO release 1128]
& Temperature increase leads to
Cyanine d h d b: bility of
Tobramycin yanine dye Encapsulation into liposomes e.n anced membrane permeabrity o [130]
(Cypate) liposomes and release of encapsulated
drug
N-diazeniumdiolate Polydopamine- Conjugation between secondary amine ~ Temperature increase causes the [100]
(NONOate) coated iron oxide groups of a dendrimer and NONOate release of NO
T i i h
) Tungsten sulfide o ‘ ‘emperature increase disrupts tl e
Vancomycin Encapsulation into liposomes liposome and leads to vancomycin [132]
quantum dots
release
L-arginine-rich H. idi L-arg-rich
argininerict . Loading of chlorin e6 in the self- 202 -g?nerate.d oxidized L-arg-ric
peptide dendrimers Chlorine e6 L. . dendritic peptide to NO and L- [101]
assembled dendritic peptides . .
(NO release) citrulline
Photodynamic CORM-401 Chlorine 6 Self-assemble of a fluorinated H,0, generated oxidized CORM-401 [102]
therapy (CO release) amphiphilic dendritic peptide for CO release
Self-assemble of toluidine blue O ROS generated oxidized hydrophobic
Thymol Toluidine blue O grafted chitosan and poly(propylene sulfide in PPS to hydrophilic sulfoxide  [146]
sulfide) (PPS) or sulfone and enabled thymol release
Covalent or electrostatic interaction
(functionalization of mesoporous
Photothermal and Indocyanine green polydopamine nanoparticles through Increase in temperature led to the
photodynamic L-arginine and mesoporous dihydroxyindole/ indolequinone dye’s release; ROS generated by the [103]
therapy polydopamine groups with L-arg); dye led to NO release from L-arg

7- © stacking of ICG (due to aromatic
rings and mesoporous NP structure)

metals (gold and silver), carbon (and, by extension, graphene), transi-
tion metal dichalcogenide nanostructures (WS;, MoS;), metal-oxide
nanoparticles and nanoscale coordination compounds (Prussian blue
nanoparticles) [96,106]-[108]. The application of these materials
against biofilm infections has benefits for “on-demand” release of ther-
apeutic cargos and other antibacterial compounds. While current liter-
ature widely explores PTT for antitumor purposes, growing evidence is
showing their efficacy for the treatment of planktonic and biofilms in-
fections, further detailed in the following sections. It is worth noticing
that many other relevant studies have been conducted in planktonic
bacteria [109] and even in vivo [110,111], however were not included in
this review as they did not assess antibiofilm effect directly.

Metals. Noble metals have been widely employed in designing nano-
carriers for PTT due to the ease of heat generation when irradiated with
NIR lasers. The oscillation of valence electrons on their surface accounts
for the light-to-heat conversion efficiency [112] wherein the irradiation
causes a thermal relaxation and induces a temperature increase.
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Moreover, because the conditions during synthesis impact the absorp-
tion peak, it is possible to choose which wavelength the carrier will
absorb [113], making many metals an optimal choice.

Among the different metals available for PTT, gold is one of the most
favoured owing to its strong surface plasmon resonance properties
[114]. Moreover, different morphologies for gold nanoparticles have
been reported in the literature, including nanospheres, nanorods,
nanocages, nanoflowers and nanoshells [114], supporting the versatility
of this metal. Additionally, gold-based nanoparticles can be coupled
with active molecules for on-demand release. As an example, antibiotics
are frequently loaded in smart carriers since their thermally triggered
release can have a synergistic effect with PTT itself. In a recent work by
Meeker et al [115], daptomycin was incorporated into gold nanocages
by noncovalent interactions and coated with polydopamine. For selec-
tivity purposes, the carrier was conjugated to an antibody targeting
staphylococcal protein A, a protein commonly found on the surface of
S. aureus species. The irradiation of the targeted area provoked a tem-
perature increase that destroyed the noncovalent interactions between
daptomycin and the carrier, thus promoting drug release. Bacteria
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viability assessment via colony counting revealed no recovery of viable
bacteria at either the immediate or 24 h time point in MRSA biofilms
which strongly supports the synergistic effects of PT killing and dapto-
mycin potency.

Even though most studies focus on antibiotic release, some projects
use heat to trigger the activity of proteases towards protein destruction.
For example, the team of Li et al. [105] developed protease-conjugated
gold nanorods. The protease bromelain has its optimal reaction tem-
perature at 50 °C, a value well above physiological temperature but
achievable via NIR irradiation of the gold nanocarriers. After reaching
this temperature, the carrier-conjugated protease was able to destroy
enterotoxin, an exotoxin secreted by S. aureus. The combination of the
protease activity with the thermal effect from the particles resulted in a
synergistic effect that culminated with the destruction of bacterial cells,
biofilms and exotoxins. A different strategy was used by Yu and col-
leagues [116], where cubic-shaped Pd carriers were loaded with
hydrogen. In this work, hydrogen was released from the cubic lattice
through laser irradiation in a power-dependent manner and showed
antibacterial and wound healing properties. Additionally, the system
seemed to increase the amount of ROS, causing DNA damage and the
upregulation of certain genes involved in DNA repair (recA) and
encoding for pro-oxidative enzymes (dmpl, narJ, nark). Effective biofilm
eradication was observed via CV measurements and confocal micro-
scopy was confirmed in vitro, and in vivo studies showed antibacterial
and wound-healing effects on S. aureus infected wounds.

Other ingenious approaches have been designed to take advantage of
heat generation. One published strategy promote a deeper penetration
into the biofilm matrix inducing movement of the nanocarrier. A study
developed by Cui et al [98] reported NIR-driven nanoswimmers con-
sisting of mesoporous silica half-shells asymmetrically functionalized
with gold nanoparticles. The placement of gold nanoparticles on the
interior portion of the shell resulted in a heat-driven motion, propelling
the carrier to evenly spread throughout the biofilm. The authors loaded
vancomycin into the carriers which was released only upon laser irra-
diation. The system demonstrated a thermally triggered motion, anti-
biotic release and photothermal effect with a 5-fold log reduction in
biofilm colonies as demonstrated via confocal and colony counting
techniques. This culminated into improved treatment of biofilm in-
fections in vivo without obvious signs of toxicity.

Transition metal dichalcogenides are two-dimensional materials
with unique properties that allow for their use in biosensors, drug de-
livery, imaging and even tissue engineering [117]. They have gained
attention for PTT as a result of their tuneable bandgaps, strong spin-orbit
coupling, thermal conversion, optical efficiency, cytocompatibility, ease
of surface modification, stability and low cost [118,119]. Characterized
by the general formula MX5 (where M stands for transition metals from
group 4 to 10 in the periodic table and the X represents chalcogen ele-
ments (namely S, Se and Te)) [120], transition metal dichalcogenides
are typically made of two layers of a chalcogen atoms separated by a
layer of transition metal atoms. Some examples include MoS,, WS, TiS,,
ReS,, MoSe,, WSe; and TaSs,. These compounds are predominantly used
for cancer therapy, however some approaches to target bacteria and
biofilms have gained popularity. In this context, Zhang et al [104]
developed a MoS; nanosheet loaded with penicillin through non-
covalent adsorption. Drug release was dependent on the laser in a
power-dependent manner, wherein higher power resulted in faster
release profiles. Using colony counting assays and confocal microscopy,
the combination of photothermal and chemotherapy exhibited >70%
reduction in S. aureus and E. coli biofilms in comparison to the free drug.
Even though neither the loaded nor unloaded nanosheets exhibited
toxicity against fibroblasts, the study did not evaluate the toxicity effects
of the carriers under NIR irradiation.

Other compounds. While metals and transition metal dichalcogenides
represent the majority of materials employed for PTT, other molecules
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and compounds have attracted attention for antibacterial and antitumor
therapy. Some broad examples include carbon and graphene [121], dyes
(such as FDA approved indocyanine green and IR780) [122], conductive
polymers (polypyrrole and poly-(3,4-ethylenedioxythiophene):poly(4-
styrenesulfonate) (PEDOT:PSS)) [110,123], magnetic Fe3O4 nano-
materials [124], tungsten oxide [125], black phosphorus [111], poly-
dopamine [126] and coordination compounds (e.g Prussian blue
nanoparticles) [107].

Carbon-based nanoparticles are an example of inorganic materials
with NIR-responsive properties [127]. The optical, electrical and me-
chanical properties of carbon-based carriers make them attractive tools
for antitumor and antibacterial therapy using nanotechnology [96]. In a
recent study by Huang et al [99], azithromycin and tobramycin were
separately loaded in carbon quantum dots. Thereafter, the carrier was
incorporated into PLGA nanoparticles using a microfluidic method. This
FDA-approved polymer is biocompatible, stable, and able to protect
loaded drugs against degradation, yet is unable to provide on-demand
drug release when used alone. By incorporating carbon quantum dots
into PLGA, the NIR-triggered antibiotic release and photothermal effect
acted synergistically to eradicate P. aeruginosa biofilm as imaged with
confocal microscopy. In another work conducted by Zhao et al [128], a
nitric oxide (NO) donor was bound to a graphene platform. In this study,
boronic acid was additionally used to selectively bind to bacteria, since
it has been previously described to target LPS. Following irradiation at
808 nm, the hyperthermia generated by the graphene platform triggered
NO release, achieving an on-demand synergistic effect between NO and
PTT thereby inducing bacterial cell membrane destruction and anti-
biofilm effect. The efficacy of the system against MDR P. aeruginosa
revealed 80% elimination of biomass via CV staining.

Photothermal therapy can also benefit from the use of certain dyes.
As an example, IR-780 iodide is a NIR fluorescent lipophilic dye with
stable fluorescence that can be loaded into hydrophobic carriers [129].
Another dye with photothermal activity is cyanine dye (cypate), used by
Zhao et al as a photosensitizer for an antibiotic-loaded thermosensitive
liposome [130]. The positively charged liposomes had a temperature-
dependent membrane permeability, allowing for controlled drug
release upon temperature increase. The photothermal effect generated
by cypate led to the melting of the liposomes, releasing 80% of the
loaded tobramycin. Moreover, the team discovered that this treatment
could stimulate the expression of a bcl2-associated athanogene 3 to
prevent normal tissue from thermal damage, allying PTT, antibiotic
treatment, and wound healing promotion. Furthermore, CV staining and
SEM images demonstrated a 7 to 8-fold increase in biofilm removal in
comparison to the free tobramycin following treatment with the
formulation and NIR irradiations A maximum dispersal rate of 79.8%
was observed in PAO1 biofilms.

Likewise, polydopamine (PDA) has started to attract researchers’
attention for photothermal purposes. The surface of PDA NPs also en-
ables the adsorption of different molecules via n-n stacking and/or
hydrogen bonding, allowing the particles to act as drug carriers for NIR
triggered drug release [131]. In this context, Yu et al [100] envisioned a
strategy to achieve synergistic effect between PTT and NO release, allied
with bacterial removal. In this work, iron oxide nanoparticles were used
as the carrier’s core, and coated with polydopamine to achieve a pho-
tothermal effect. The surface was then functionalized with quaternary
ammonium-modified poly(amidomine) dendrimers that reacted with
NO to generate N-diazeniumdiolate (NONOate). This NO-donor material
induced damage to the bacterial membrane of S. aureus and P. aeruginosa
and led to biofilm eradication using CV staining. Even though the carrier
alone was able to reduce bacterial viability to 60% in both pathogens,
the combination of the nanoparticle with laser effectively reduced the
bacterial viability in a concentration-dependent manner. Similar results
were obtained for biofilm eradication. Furthermore, the study showed
that it was possible to separate bacteria from a bacterial suspension after
the application of an external magnet due to the superparamagnetic
properties of iron oxide nanoparticles. Given that bacteria can spread
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through the bloodstream after biofilm destruction, the property of
separating bacteria is fairly attractive for antibacterial purposes to
prevent systemic infection. Another work also combined antibiotic
release with PTT as an antibacterial strategy. Xu and colleagues [132]
developed a liposome-based photon-responsive drug-delivery system for
combined chemodynamic therapy, photothermal therapy and pharma-
cological action. For this purpose, tungsten sulfide quantum dots
(WS2QDs) and vancomycin were loaded into the liposome to synthesize
a temperature-sensitive carrier. This work combined chemodynamic
therapy (the effect that nanozymes can have to mimic peroxidase ac-
tivity and convert HoO; into free radicals) with other antibacterial ap-
proaches to strengthen antibacterial effect. Moreover, the study assessed
the level of glutathione oxidation of the system since glutathione is
known to be present at infection sites and reduce chemodynamic effect.
After irradiation, the liposomes were disrupted by the heat generated by
tungsten sulfide quantum dots, resulting in the antibiotic release. Crystal
violet staining revealed that the irradiated liposomes enabled >80%
reduction in relative S. aureus biofilm biomass and in vivo studies showed
over 80% reduction in relative bacterial viability in S. aureus infected
abscesses in mice without signs of major toxicity.

5.1.2. Photodynamic therapy

In addition to photothermal applications, light is fairly used in other
treatments modalities. Accordingly, many articles have reported its use
in photodynamic therapy (PDT) as an antitumor approach, and the
concept of antimicrobial PDT has also showed successful results. Its
mechanism of action relies on the presence of oxygen and a photosen-
sitizer to generate molecules that are harmful to bacteria. Generally, the
photosensitizer is activated (through the energy coming from a light
source), reaching its singlet excited state (PS*) [133]. Subsequently,
through intersystem crossing, the PS molecule reaches its lowest-energy
excited triple state and transfers energy to molecular oxygen (O2)
through two mechanisms, generating either reactive oxygen species
(ROS) (type-I mechanism) or reactive singlet oxygen (102) (type-1L
mechanism) [134]. Such compounds lead to oxidative stress in bacterial
cells [135] with DNA [136], lipid [137] and protein destruction [138].
Consequently, the unspecific and broad-spectrum mechanism of action
of PDT does not induce bacterial resistance, a feature that stands out as
one of the main advantages of this strategy [136]. Even though some
limitations are inherent to PDT (related with low efficacy against bio-
films and poor efficiency in animal models [136]), the strategy has
become promising with proven efficacy against different microorgan-
isms [139]. Similarly, to the studies reported for PTT, smart carriers can
be designed using the photosensitizer’s reaction to light as a trigger to
release antibacterial molecules. The difference relies on the fact that
PDT uses the ROS generation to oxidize the carrier and promote the
controlled release of other compounds. Some examples include pheno-
tiazinium dyes (such as methylene blue, toluidine blue, rose bengal),
natural compounds (as curcumin and hypericin), tetrapyrrole structures
(porphyrin, phthalocyanines, chlorine) and nano structures (fullerenes
and titanium dioxide) [140].

Among different photosensitizers, chlorin e6 (Ce6) has been fairly
used for PDT alone or in combination with other antibacterial strategies.
One of the main approaches is to combine PDT with gas therapy, such as
nitric oxide (NO), for simultaneous antibacterial action generated both
by ROS and NO molecules. NO is an endogenous molecule that promotes
wound healing through vasodilation, as well as myofibroblasts and
collagen production, stimulating wound healing [141,142]. However,
NO is also capable of inducing lipid peroxidation, DNA cleavage and
protein dysfunction, and is therefore viewed as an antibacterial agent
with a broad spectrum of action [143,144]. For these reasons, it has been
employed by Zhu et al [101] in combination with PDT for biofilm
eradication. The team developed a PDT-driven NO generation system
using L-Arg-rich amphiphilic dendritic peptide as a carrier. L-Arg is a
biocompatible NO donor, yet its encapsulation poses a challenge for
development of nanocarriers. This led the team to envision a
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macromolecule-based system with the ability to load L-Arg and achieve
precise regulation of NO release, based on a new type of biomedical
polymer — peptide dendrimers. Specifically, L-arginine-rich peptide
dendrimers with guanidine groups (reported to provide biocompati-
bility and effective cell penetration). Since L-Arg-rich amphiphilic
dendritic peptide (Arg-ADP) generates NO in the presence of ROS and
inducible NO synthase, the team hypothesized it could be used as an NO
donor. In summary, L-arg-rich amphiphilic dendritic peptide were
loaded with Ce6 for synergistic antibacterial effect between PDT and
PDT-driven NO release. When irradiated with a 665 nm laser, Ce6
resulted in the generation of 10, and Hy0,. Afterwards, H,0, oxidizes
Arg-ADP to NO and L-citrulline, and the combination of 0, and the
reactive by-products of NO resulted in synergistic antibacterial effect as
well as biofilm eradication. Crystal violet assays demonstrated 90%
ablation in MRSA biofilms for the carrier. Furthermore, confocal mi-
croscopy and SEM imaging revealed a nearly complete destruction of the
cell membranes in the biofilms as evidenced by the extremely strong red
fluorescence and severely deformed or totally lysed MRSA cells
respectively. The study of in vivo efficacy was assessed in subcutaneous
abscesses, where the carrier also proved to effectively remove bacteria
from abscess site and generate NO to promote wound healing. Similarly,
carbon monoxide was used by Ma et al [102] to enhance the antibiofilm
effect of PDT. In this study, a fluorinated amphiphilic dendritic peptide
(FADP) was loaded with Ce6 and CORM-401. The latter is a CO-releasing
molecule, whose release is dependent on the presence of oxidants such
as HpO3 [145] generated after Ce6 irradiation. Additionally, the fluori-
nated carrier was expected to show enhanced penetration into biofilms
and cellular internalization due to high electronegativity, hydropho-
bicity, and membrane permeability of fluorine. In general, the carrier
provided an efficient antibacterial feature and resulted in the ablation of
biofilms, with an on-demand release of CO. Crystal violet staining
revealed 92% and 90% inhibition of S. aureus and E. coli biofilms in vitro
alongside 95% eradication of E. coli biofilms. In S. aureus infected skin
tissues, bacteria colony counts showed 9-fold lower bacteria count after
treatment. The formulation also demonstrated excellent biofilm eradi-
cation (via H&E staining) as no S. aureus colonies were recovered on the
wounds after 3 days.

A different approach was pursued by Wang et al [146], where gas
therapy was replaced by the use the essential oil thymol. Essential oils
possess inherent hydrophobicity that allows them to disrupt the bacte-
rial cell membrane. However, they are challenged by insolubility and
instability in hydrophilic environments, often leading to the need to be
encapsulated in nanocarriers. Therefore, chitosan micelles were loaded
with thymol for controlled antibacterial action. The micelles encapsu-
lated the photosensitizing agent toluidine blue O (TBO), and were pre-
pared via self-assembly of toluidine blue O grafted chitosan and poly
(propylene sulphide) (PPS). The cationic nature of chitosan allows the
micelles to bind to the biofilm and PPS was used as its hydrophobicity
can be changed in the presence of ROS. When these species are present,
the hydrophobic sulfide in PPS can be oxidized to hydrophilic sulfoxide
or sulfone, a change that enables thymol release. The release of thymol
combined with photodynamic therapy (10 mins irradiation) itself led to
more than a 60% reduction in biofilms (<0.4 relative biofilm value was
achieved) when assessed with CV staining in S. aureus biofilms. Confocal
microscopy and SEM imaging also showed only scanty pieces of bacteria
colonies and no recognizable intact structures of S. aureus biofilms.

5.1.3. Photothermal and photodynamic therapy

As summarized in previous sections, both PTD and PTT have shown
great potential for on-demand antibiofilm action, and the combination
of both strategies has also shown promising results. In 2020, Yuan et al
[103] used L-arginine (L-arg) as NO donor, a molecule capable of
reacting with ROS to generate reactive peroxynitrite (ONOO-), com-
pounds, with the ability to cause lipid peroxidation. The carrier’s core
was composed of mesoporous polydopamine (MPDA) modified with L-
arg and indocyanine green. Since ICG was loaded via n- stacking, the
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effect of temperature increment on MPDA upon irradiation led to the
dye’s release. In turn, ICG produced ROS under the same external trigger
leading to NO generation via L-arg catalysis. The synergistic effect of this
combination treatment was revealed via colony counting of detached
S. aureus biofilms which showcased a 99% reduction in established
biofilms. Crystal violet staining revealed a biomass reduction of 80%
compared to the control group. Strikingly, with 2 mins NIR irradiation,
the carrier showed 61.7% reduction in biofilm survival thereby
demonstrating the effectiveness of the formulation under short-term NIR
exposure. In vivo studies also corroborated the antibiofilm effect of the
system without major toxicity signs. Even though the studies on the use
of PDT and PTT simultaneously for combination therapy against bio-
films are limited, the opportunities it bears for an enhanced antibiofilm
activity are exciting.

5.2. Temperature-responsive and magnetic field-responsive

The use of temperature as trigger for smart antibiofilm action has
been used and described in previous sections, especially as the basis for
photothermal therapy, where its increase typically destroys weak in-
teractions between a carrier and a loaded drug, to enhance the release of
the drug. The temperature value is typically above physiological tem-
perature and results from conversion of NIR-light to heat. However,
body temperature on its own can act as a stimulus for controlled drug
delivery, usually related to the physicochemical characteristics of the
formulation (Table 3). Formulations whose properties change at physi-
ological temperature demonstrate how the body temperature can in-
fluence drug delivery. In this context, a study was conducted by
Overstreet et al [147], where temperature-responsive polymeric gels
were loaded with tobramycin and vancomycin. These formulations were
based on an aqueous solution of the polymer poly(N-iso-
propylacrylamide-co-dimethylbutyrolactone acrylate-co-Jeffamine M-
1000 acrylamide) (PNDJ), whose lower critical solution temperature is
below physiological temperature. Such characteristic implies that the
aqueous solution changes to a gel upon heating to body temperature.
Afterwards, hydrolysis-based changes in lactone moieties of a repeat
unit in the polymer lead to the increase of the lower critical solution
temperature. When this value becomes higher than physiological tem-
perature, the polymer dissolves and drug release is enabled. Interest-
ingly, the authors found that the release was faster in vivo than in vitro
and that drug delivery was site-dependent rather than formulation
dependent. Despite the fact that the study had some limitations, the
formulations appear to be a feasible approach for antibiofilm purposes
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as the antibiotic concentrations were in the order of the minimum bio-
film eradication concentration and were sustained for 24-72 h.

Other gels with similar thermoreversible traits have been synthe-
sized. For example, a poloxamer hydrogel has been designed for anti-
bacterial effect against E. faecalis by Liu and colleagues [148] (Fig. 4).
The silver nanoparticle-loaded gel was liquid at room temperature but
acquired a gel texture at 30 °C (due to the ability of poloxamers to self-
assemble into micelles) and showed the release of nanoparticles over the
course of 9 days. Confocal and SEM images were used to assess the
performance of the formulations. A dose dependent reduction in
E. faecalis was observed and the highest reduction (>84.88%) in bac-
terial colonies seen after 9 days for the highest dose (32 pg/mL) of the
formulation. Both studies focused on biofilm infections in the human
body, yet this temperature-responsive strategy can also be envisioned
for other biomedical applications such as protection against infections in
medical devices. As such, Choi and colleagues [149] developed
levofloxacin-loaded polymeric brushes as functional coating for tita-
nium implants. The thermo-responsive 400 nm poly(di(ethylene glycol)
methyl ether methacrylate) coating released levofloxacin in a temper-
ature and brush thickness-dependent manner with concomitant anti-
microbial effects in vivo and in vitro. Quantitative assessment of biofilm
performance was assessed using luminescent imaging and they revealed
>99.9% reduction in luminescence intensity and SEM verified the
antifouling effect of the brushes on the titanium plates. Taken together,
these studies focused on using the lower critical solution temperature
property of certain polymers and highlight how body temperature can
be used as a smart trigger for antibiofilm action with different
biomedical applications.

The application of an external magnetic field combined with mag-
netic particles has been explored in the last years for therapeutic and
diagnostic biomedical applications[150]. One advantage of combining
magnetic nanoparticles with a magnetic field is the possibility of
generating a local magnetically triggered increase in temperature, a
desired feature for targeted biofilm eradication. The temperature in-
crease results from the alternating magnetic field of action on the par-
ticles, reorienting their magnetic moment through Néel mechanism or
Brownian rotation [150]. For antibiofilm purposes, the strategies
include magnetically-induced hyperthermia combined with thermores-
ponsive polymers [151], antibiotic release [152] or penetration
enhancement of harmful compounds [153] (Table 3). Similar to some
strategies presented above, the use of this external trigger is often
coupled with the release of an antibacterial compound. As an example,
Hua et al [152] encapsulated ciprofloxacin in PLGA magnetic particles

Table 3

Temperature and magnetically triggered drug delivery systems.
Trigger Active Compound Function System Purpose Ref
Temperature ~ Tobramycin and vancomycin Polymer poly(N-isopropylacrylamide-co- Gel Gel formation upon heating of the solution to [147]

dimethylbutyrolactone acrylate-co-
Jeffamine M-1000 acrylamide) (PNDJ)

Silver nanoparticles Poloxamer
Levofloxacin Polymer poly(di(ethylene glycol) methyl
ether methacrylate) (PDEGMA)
Magnetic Ciprofloxacin PLGA Magnetic NPs

Cetyltrimethylammonium Iron oxide
bromide (CTAB)

D-aminoacids Iron oxide NP

Glucose oxidase Magnetic NPs (Fe304)

physiological temperature with subsequent dissolution
and drug release (due to changes in the lower critical
solution temperature values)

Gel Gel formation upon heating of the solution to [148]
physiological temperature due to the ability of
poloxamers to form micelles

Brushes The brushes release the antibiotic after reaching [149]
temperature values above lower critical solution
temperature

- Oscillating magnetic field led to drug release due to [152]
mechanical poration and/or thermal energy generation

- Rotating magnetic field was used to transport CTAB [153]
through the biofilm matrix in vertical and horizontal
movements

Hydrogel Exposure to an alternating current magnetic field leads ~ [151]

(glycol to heat generation by iron oxide NPs and changes the

chitin) thermoresponsive polymer from a solution to a gel

- Magnetic field induces movement of the nanoparticles [154]
and leads to ROS generation and nutrient depletion
through the action of the enzyme
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(Liu et al, 2021)

5]

Fig. 4. Development of a formulation with temperature-sensitive properties against biofilms. Adapted from [148].

and used either sonication or homogenization for the synthesis of nano
and microparticles, respectively. Despite the different carriers’ sizes
(221 nm for nanoparticles and 1.5 pm for microparticles), both particles
increased drug release after being subjected to an external oscillating
magnetic field. Moreover, the microparticles revealed surface cracks
after magnetic field exposure, which might suggest mechanical poration
caused by activated magnetic nanoparticles, explaining the reason for a
higher drug release in comparison to the control within 4 h. Such surface
effect was not observed for the nanoparticles, and even though both
released similar drug percentages within 6 h of magnetic field exposure,
the microparticles displayed a higher drug release for the first 15 days of
the experiment. Interestingly, the researchers assessed the magnetic
responsiveness of the system by subjecting them to a “turn-on and -off
switch” of the magnetic field experiment and measured drug release. A
significant increase was observed during the “on” periods, in compari-
son to a low drug release during the “off” phases, confirming the
responsiveness of the system to the stimuli. Using XTT assays to assess
the metabolic activity of the biofilms, both formulations showed similar
potencies resulting in 33.5% and 33.3% inhibition of P. aeruginosa bio-
films as a result of the magnetically triggered antibiotic release. In
another work by Nickel et al [153], the biocide -cetyl-
trimethylammonium bromide (CTAB) was loaded into iron oxide
nanoparticles. Since the biocide alone has poor penetration into bio-
films, the loaded particles were subjected to a rotating magnetic field to
induce vertical and horizontal movement of the carrier inside the ma-
trix. Such strategy allowed the diffusion of the compound through the
generated holes and thus aided its effectiveness in biofilm destruction.
Furthermore, the team assessed how different shapes of the carrier could
influence its loading ability, using iron oleate decomposition to syn-
thesize spheres, cubes and tetrapods. The method resulted in an oleic

Magnetic DDS
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Oxide nanoparticles

Oleic acid-coated Iron
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acid coating of the carrier’s surface, and the loading was proportional to
the length-to-volume ratio (increased load for particles with sharp
edges). The tetrapods had the highest loaded percentage (around 10%),
followed by the cubes (around 4.5%) and spheres showed the lowest
(around 0.3%). Using CV staining, colony counting, SEM and confocal
microscopy, both the cubes and tetrapods fully eradicated (14.19 logio
reduction) MRSA biofilms, with a lower biofilm reduction induced by
the spheres (7.3 log;o reduction). The team correlated the efficacy with
the enhanced biocide transport into the matrix (due to higher biocide
loading). Both articles showed how different carriers can load a com-
pound for biofilm destruction and exert their action after magnetic
stimuli.

A different approach was reported in 2018, where Abenojar and
colleagues developed a magnetic hydrogel nanocomposite to eradicate
S. aureus biofilms [151] (Fig. 5). Since amino acids (D-amino acids, in
particular) have been reported to disrupt biofilm activity by integrating
themselves into the bacterial cell wall, a hyperthermia-responsive gel
was produced. The glycol chitin-based hydrogel was loaded with D-
tyrosine, D-tryptophan and D-phenylalanine and reversed from a liquid
state (at 4 °C) to a gel (at physiological temperature). Moreover, iron
oxide NPs were incorporated in the gel, causing a magnetically induced
hyperthermia that enhanced the cumulative release of the loaded amino
acids. As a result, biofilms exposed to a 2 h gel treatment coupled with
10 min application of a magnetic field resulted in full biofilm disruption.
In addition to CV staining, the authors also used cryo-SEM imaging for
the biofilm assessments. It was demonstrated that following biofilm
eradication with the formulation, no new colonies from the destroyed
biofilms could be formed, strengthening the potential of the formulation
to be used for the treatment of chronic infections, such as external
wounds. However, biofilm-related infections in the human body can also

(Nickel et al, 2020)

Magnetic field
induced penetration

Fig. 5. Development of nanomaterials with magnetic properties. Adapted from [153].
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occur in the oral cavity and be caused by both bacteria and fungi. For
such infections, root canal disinfectants are among the most commonly
used treatments, however new systems are warranted to counteract the
challenges caused by their inherent physicochemical properties. A new
approach was therefore published by Ji et al [154] where the enzyme
glucose oxidase (GOx) coated magnetic nanoparticles (Fe3O4) were
prepared. For its synthesis, the team coupled aldehyde groups (in the
glutaraldehyde cross-linker present in the nanoparticles) with amino
groups in the enzyme. Using confocal microscopy and CV staining, the
antibiofilm activity of the system was assessed in both bacteria and
fungi, where the biofilm penetration of the particles increased if exposed
to a magnetic field followed by biofilm destruction. >25 pm reduction in
the average thickness of Enterococcus faecalis and Candida albicans bio-
films was observed. This was related to the conversion of p-D glucose
into HyO,, later catalyzed to *OH by the magnetic particles and/or
bacterial oxidases and nutrient depletion induced by the enzyme.

Similar to temperature-triggered formulations, the published work
regarding magnetic field as trigger for antibiofilm purposes is currently
scarce, however the ideas developed thus far point to a promising
strategy in the field of novel antibiofilm strategies.
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6. Multiple stimuli-responsive

Many of the reported approaches that rely on internal triggers seek to
achieve on-demand drug release and in some cases, a similar strategy
has been demonstrated in carriers that rely on external triggers.
Although internal and external triggers have pros and cons, their com-
bination can potentially address rising challenges and contribute to
enhanced antibacterial action. In this context, a variety of carriers can be
designed to respond to more than one internal/external cue or
combining one of each. As an example, carriers that respond to intrinsic
biofilm features exert their action without requiring external stimuli. For
instance, cutaneous biofilm can be treated with a dual internally
responsive system (pH and enzyme) [155] or by internal/external
responsive (pH and light) [156], whereas oral biofilms were destroyed
by pH/redox-responsive nanoparticles [157]. Because many bacterial
biofilms have variations in the matrix composition [158], the perfor-
mance of the nanocarrier can differ. To avert this challenge, the com-
bination of two internal cues for on-demand action can overcome
differences in biofilm composition and achieve high antibiofilm activity.
For example, in a pH/enzyme dual responsive system, even if certain
biofilms have a lower-than-expected expression of the enzyme, the
acidic pH might be enough to enhance potency of therapeutic agents. On
the other hand, external triggers can be consciously applied for a

Table 4
Multiple stimuli responsive systems.
Active compound Stimuli Functions System Purpose Reference
Vancomycin pH and enzyme pH-responsive lipids DNA nanoparticles Low pH protonates the ionizable lipid [155]
and lipase- (otherwise neutral at physiological
degradable ester conditions) and lipases degrade the carrier
bonds in the lipid for vancomycin-DNA NPs release
chain
Chlorhexidine and silver =~ pH and redox Disulfide bond- Mesoporous nanoparticles Disulfide bond-bridged organosilica moieties ~ [157]
ions bridged organosilica responded to pH and glutathione levels
moieties (glutathione induced the cleavage of the
bonds)
Pifithrin-p pH and light Zeolite-based Mesoporous polydopamine nanoparticles  ZIF-8 degrades in acidic conditions and [159]
imidazole framework releases pifithrin-p and zinc ions; The
(ZIF-8) irradiation of the carrier generated heat due
to the photothermal efficiency of the
mesoporous polydopamine nanoparticles
Amoxicillin pH and light Zeolite-based Pd-Cu nanoalloy ZIF-8 degrades in acidic conditions and [156]

imidazole framework
(ZIF-8)
Tannic acid, silver

pH, enzyme and Hyaluronic acid and

nanoparticles and magnetic tannic acid
gentamicin nanoparticles
(Fe304)

Multilayer film

releases the antibiotic;

The irradiation of the carrier generated heat
due to the photothermal efficiency of Pd—Cu
Hyaluronic acid was used as outer shell for
hyaluronidase-responsive action, and the
silver nanoparticles dissolved in acidic
conditions;

The magnetic field enhanced biofilm
penetration

[163]

Ascorbic acid (AA)

Ascorbic acid (AA)

Fluconazole and
diketopyrrolopyrrole

Chlorin e6 and peptide

Enzyme and light

Enzyme and light

Enzyme and light

Enzyme and light

PTT and hyaluronic
acid

PTT and hyaluronic
acid

PDT, PTT and lipase

PDT and MMP-9

Mesoporous ruthenium nanoparticles
loaded with AA, coated with HA and an
outer layer of ciprofloxacin-coated
molybdenium dissulfide (MoS,)

Graphene-mesoporous silica nanosheet
loaded with AA, capped with HA-
dopamine conjugates and an outer layer
of vancomycin-coated ferromagnetic
nanoparticles

poly(ethylene glycol)—poly(e-
caprolactone) (PGL), fluconazole and
diketopyrrolopyrrole

p-cyclodextrine with chlorin e6 core and
outer shell of adamantane-terminated
peptides

Combination of PTT with chemotherapy: HA
coating had an enzyme-responsive function
for Ascorbic acid (AA) release. Upon AA
release, MoS; catalyzed the conversion to
eOH. Laser application added the PTT effect
due to photothermal properties of ruthenium
NPs.

Chemo-photothermal therapy due to
photothermal properties of graphene.
Hyaluronidase degraded the HA-dopamine,
releasing AA, further catalyzed to ¢OH by
ferromagnetic nanoparticles
Enzyme-triggered degradation of the
polymer for fluconazole release. The system
also used photothermal and photodynamic
properties of diketopyrrolopyrrole for
combination treatment of these strategies
with antibiotic action

MMP cleaved the protective peptide of the
nanoparticles, releasing chlorin e6 for
photodynamic effect upon laser exposure

[73]

[160]

[161]

[162]

408



A. Sousa et al.

controlled response but might not be suitable for all biofilm sites.
Therefore, the choice of system must be carefully envisioned according
to the final application. Examples of multiple-stimuli responsive systems
can be found in Table 4.

A dual internally responsive zwitterionic delivery system was
recently developed in our group [155] against cutaneous biofilms with
pH and enzyme-responsive characteristics. The carriers were composed
of neutral (soy phosphatidylcholine), cationic ionizable (1,2-dioleyloxy-
3-dimethylaminopropane) and anionic ((1,2-dipalmitoyl-sn-glycero-3-
phospho((ethyl-1,2',3'-triazole) triethylene glycolmannose or choles-
teryl hemisuccinate) lipids, which encapsulated DNA nanostructures for
vancomycin delivery. A variety of nanoparticles were synthesized by
varying molar ratio of the lipids, followed by the assessment of their
impact on the physicochemical properties of the carriers. The optimized
formulation resulted in a system that responded to the acidic pH of the
infection environment by becoming positively charged (otherwise
neutral at physiological pH) thus favoring biofilm accumulation and
binding to the bacteria cell. Additionally, the carrier was degraded in the
presence of lipase, which led to the release of vancomycin and the
encapsulated DNA nanoparticles. Released DNA nanoparticles could
interact with a-hemolysin (an important bacterial toxin) and mediate
toxicity. Using CV staining and fluorescence intensity measurements,
the carriers showed antibiofilm efficacy in vitro and in a porcine biofilm
model, in vivo potency was confirmed. At higher concentrations of the
formulation, an 87% reduction in the bacteria biomass was observed
whilst a 99.68% reduction in the metabolic activity of fluorescently
labelled S. aureus was reported. A different strategy was published by Lu
and coworkers [157] with the release of chlorhexidine and silver ions
from the dual redox and pH sensitive mesoporous nanoparticles against
oral biofilms. The authors concluded that in presence of low pH and
glutathione, the cumulative release of chlorhexidine and silver
increased. Using MTS assays, the formulation inhibited biofilm growth
with >60% reduction in biofilm viability after 72 h. Furthermore,
confocal microscopy revealed that the formulation led to the weakest
green signal and strongest red signal for S. mutans biofilms that were
stained with the LIVE/DEAD bacterial viability kit. Whereas the first
article was effective for wound therapy, this system was envisioned
against oral biofilms, showing the versatility that dual-stimuli systems
can bring.

Because the reduced potency of antibiotics can be further exacer-
bated during biofilm formation, reliance solely on internal triggers may
fail to achieve clinical effect in humans. Therefore, efforts to drive
synergism in antibacterial effect can be pursued via the design of smart
carriers that show combined responsiveness to both external triggers (e.
g, light) and internal triggers (e.g., pH or enzymes). Such combinations
reveal novel opportunities for the development of complex carriers that
generate greater responsiveness and can address biofilms formed by
antimicrobial resistant strains (e.g., MRSA). In two recent studies, light
was used for photothermal therapy and combined with a pH responsive
system. In a study by Peng et al [159], a carrier with a mesoporous
polydopamine core (responsible for heat generation) and a zeolite-based
imidazole framework (synthesized from zinc ions and 2-methylimida-
zole) as pH-responsive shell was developed. To strengthen the antibac-
terial activity of the particles, the carrier was loaded with Pifithrin-p, an
inhibitor of heat-shock protein, as means of lowering the tolerance of
bacteria to heat. The shell degraded upon contact with acidic pH,
releasing zinc ions (known to have antibacterial action), and Pifithrin-p.
Accordingly, in vitro and in vivo results demonstrated good potential for
infected wound application due to effective anti-biofilm action com-
bined with low damage for normal tissues. Similarly, Wang et al used
zeolitic imidazolate framework-8 for its pH-responsive function but used
Pd—Cu nanoalloy due to its photothermal properties [156]. The carrier
was also loaded with amoxicillin and the acidic environment degraded
the ZIF-8, leading to the release of an antibiotic that destroyed the
bacterial wall. This made the bacteria more prone to the heat destruction
after NIR irradiation. Using CV staining, the formulation caused 75.3%
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and 74.8% inhibition of S. aureus and P. aeruginosa biofilms. In the
absence of the antibiotic, only 49.4% and 42.4% inhibition of S. aureus
and P. aeruginosa biofilms was observed under the same condition of
NIR.

In another study, Liu and colleagues [73] first loaded the prodrug
ascorbic acid into mesoporous ruthenium nanoparticles and coated the
carrier with hyaluronic acid. Thereafter, ciprofloxacin-coated molyb-
denum disulfide (MoS,) was subsequently bound to the surface. Ascor-
bic acid has pro-oxidant activities that promote the generation of HyO»,
and can be converted into ¢OH radical under the action of peroxidases.
Since MoS; has peroxidase-like activity, it was employed as a catalyst for
the generation of ¢OH from ascorbic acid, and the antibiotic coating had
a targeting function for both Gram-positive and Gram-negative bacteria.
In the presence of bacteria-secreted hyaluronidase, the caping agent of
the carrier was degraded. Moreover, the inclusion of ruthenium nano-
particles was as a result of its high NIR photothermal effect. Overall, a
synergistic effect was achieved wherein degradation of hyaluronic acid
enabled the release of ascorbic acid which was quickly catalyzed into
eOH. Upon NIR laser irradiation, a photothermal induced bacterial
destruction (91% removal of biofilms) was observed via crystal violet
staining. The nanosystem was capable of biofilm destruction and inhi-
bition of biofilms on implants. Additionally, wound healing properties in
in vivo studies were observed in mice infection models. Replicating a
similar concept for the generation of eOH, the group of Ji et al [160]
developed in a nanoparticle loaded nanosheet carrier system wherein
ascorbic acid was loaded together with ferromagnetic nanoparticles (for
peroxidase activity). The system consisted of hyaluronic acid-capped
graphene-mesoporous silica nanosheets loaded with ascorbic acid, to
which vancomycin-coated magnetic nanoparticles were anchored. The
exposure to hyaluronidase induced the degradation of the hyaluronic-
dopamine conjugates that encapsulated the sheets, thus providing on-
demand release of ascorbic acid, quickly converted to hydroxyl radical
afterwards. Furthermore, due to the near-infrared absorption properties
of graphene, the system showed chemo-photothermal and synergistic
antibacterial effect. This was confirmed in vivo wherein catheters were
co-incubated with S. aureus to induce biofilm formation and implanted
in mice. The treatment resulted in gradual healing, providing evidence
for the targeted and smart action for biofilm and bacterial destruction.

A study conducted by Yang and colleagues focused on the treatment
of fungal biofilms using a lipase-responsive platform that combined
photodynamic, photothermal and pharmacological action. The lipase-
sensitive polymer poly(ethylene glycol)-poly(e-caprolactone) was
employed due to its stimuli-responsiveness and drug delivery action.
The polymer was then combined with diketopyrrolopyrrole (used as
photosensitizer for photothermal and photodynamic purposes) and
fluconazole for synergistic effect. The degradation of poly(e-capro-
lactone) in the presence of lipase released the drug and the combination
of heat and ROS generation upon laser application resulted in anti-
biofilm effect. Using CV staining, the authors showed that the combi-
nation of fluoconazole and diketopyrrolopyrrole in the formulation
resulted in 72% destruction of biofilms. In the absence of the photo-
sensitizer or drug, only 2% and 16% biofilm reduction were observed
respectively. In vivo quantification of C. albicans colonies in infected
wounds revealed only 3.4% survival of fungal cells after treatment with
the multi-modal and synergistic antifungal nanoagent [161].

Han and colleagues explored the treatment of bacterial keratitis with
a matrix-metaloproteinase-9-responsive nanoparticle allied with
photodynamic effect. An enzyme-sensitive peptide (YGRKKKKRRQRRR-
GPLGVRG-EEEEEE) terminated with adamantane was used as hydro-
philic shell for the particle: its anionic nature prevented adhesion to
healthy corneal cells, yet the EEEEEE peptide armor was cleaved at in-
fections sites by MMP-9, exposing the positively charged peptide and
enhancing its biofilm penetration. The hydrophobic core of the particle
was composed of chlorin e6-conjugated p-cyclodextrin for increased
ROS generation upon irradiation. Standard plate counting assay after
treatment of P. aeruginosa biofilms with nanoparticle and irradiation
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revealed over 99% of bactericidal effect. Moreover, in vivo testing of
infected cornea of mice showed transparent corneas 7 days after treat-
ment, with almost no colonies from the treated group. The team
demonstrated that the exposure to the enzyme could change negatively
charged particles into cationic carriers, enhancing their penetration into
bacterial biofilms and further destroying bacteria upon irradiation
[162].

In another work by Wang et al [163], a magnetic nanoplatform for
enzyme and pH-triggered antimicrobial action was envisioned. For
synthesis, the researchers used tannic acid, silver nanoparticles and
gentamicin that were coated with magnetic nanoparticles. Using mag-
netic field navigation, the particles showed improved penetration into
biofilms, and the use of hyaluronic acid as capping agent prevented
premature drug release and acted together with tannic acid for pH-
responsive action. The cumulative release of both gentamicin and Ag™
ions were greater at a pH of 5.5 (compared to pH of 7.4) and in the
presence of hyaluronidase. The antibacterial effect was enhanced by the
use of an external magnetic field which allowed the nanoplatform to
reach deeper layers in the biofilm, providing another promising strategy
for biofilm tackling. Using SEM imaging and confocal microscopy, the
authors observed destruction of the biofilm with low bacterial survival
when treatment with the formulation was combined with an applied
magnetic field. Additionally, bacteria colony counts demonstrated that
in the absence of the magnetic field, 71-94% of bacteria survived within
the biofilm whilst only 0.01-5% survival was seen when magnetic field
was applied. These studies illustrate how different combinations can be
used for on-demand drug release and the versatility they can bring as
alternatives to plain antibiotic treatment.

7. Drug release from the different systems

The comparison between different stimuli on drug release profiles
can be of major help for the design of smart delivery systems for biofilm
therapy. Having shown increased antimicrobial action or decrease
toxicity,stimuli-responsive delivery systems hold major importance for
the clinic to reduce side effects for the patient without compromising the
treatment efficacy. As seen in the previous section, different cues can be
used to unleash antibacterial action, and the application of certain
stimuli can influence the release behavior of a system by preventing
undesired leakage of antimicrobials. Other reviews have discussed in
detail drug release mechanisms for antibiofilm purposes, and the reader
is directed to those for more in-depth information [164]. This section
seeks to analyze how different stimuli-responsive approaches affect drug
release profile and how it correlates with antibiofilm efficacy.

When administering a formulation in the clinic, the choice of stim-
ulus should be carefully considered both for practical reasons and for
drug release consequences. Whereas external triggers may offer the
advantage of achieving a predictable release independently from biofilm
features, (for example by turning the stimuli on and off), they are
challenged by the fact that they still require a conscious application by
the patient or caregiver and the presence of the stimuli itself. On the
other hand, such complications are overcome if we look at internally
responsive systems in which the biofilm milieu ensures drug release.
However, given the physiological variability that characterizes biofilms
(for example variations in pH values and enzyme concentrations), the
release profile may vary from biofilm to biofilm, hence the response is
not always predictable. It is noteworthy that different studies assessed
drug release over different time periods (ranging from a few minutes to
hours or days), and antibiofilm action was frequently assessed differ-
ently between studies, creating an additional challenge to effectively
compare the different approaches. Nevertheless, it provides critical in-
formation on how drug release is affected by different formulations
when similar or different stimuli are applied.
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7.1. Externally-responsive systems

In light-responsive systems, drug release can be applied to achieve
photothermal or photodynamic therapy both separately and simulta-
neously. In the first instance, the rule of thumb is the dependency of
laser presence, often correlated with the applied power. Researchers
have frequently observed that higher laser intensities generate overall
higher temperatures, and the same temperature is reached faster. Since
this cue is typically employed to destroy the chemical bond between
drug and carrier, some studies show a faster release when using higher
laser intensities. For example, the Pd nanocube loaded with hydrogen
[116] developed by Yu and colleagues showed that the increase in laser
intensity resulted in higher temperatures and faster hydrogen release.
Turning the laser ’on’ and ’off’ showed a pronounced effect on the
release, with no hydrogen leakage in the absence of stimuli. Such feature
can be highly appreciated in the clinic as means of achieving a precisely
controlled release system. It is worth noting that nearly all hydrogen was
released after 30 min and this “on-and-off” laser approach, showed rapid
release. Evaluation of the changes in ODss( values for biofilm biomass
revealed that the sole photothermal effect diminished the value by 40%
(ODss¢ = 0.6 for Pd + NIR treatment versus ODssg = 1.0 of NIR alone)
and the combination of phototherapy and drug release achieved at least
90% reduction in E. coli and S. aureus (OD = 0.1 or less for treatment of
PdH 50 pg/mL + NIR). A similar release profile was observed by Hua et
al even though a different external stimulus was employed. The study
assessed ciprofloxacin release from PLGA magnetic nano and micro-
particles under magnetic field. Both formulations had a 5% release in the
absence of oscillating magnetic field over 6 h, yet a clear increase was
observed when the magnetic field was applied, resulting in a 2 increase
in drug release. This application increased the inhibition rate of
P. aeruginosa biofilms by a 10% and 5% (for micro and nanoparticles,
respectively) compared to the same formulations in the absence of a
magnetic field. In its presence, both achieved slightly over 30% of in-
hibition rate, assessed through XTT assay. Whilst the stimulus is
different between these two studies, both showed how the application of
an external stimuli can control and increase drug release for enhanced
antibiofilm effect.

Other studies assessed NO release upon light trigger. The core ma-
terial between the two systems was different (graphene platform [128]
and metal transitional dichalcogenide sheet [104]), yet both observed a
20-30% NO release in 20-25 min in the absence of laser, which was
increased to 90% after just 5 min of irradiation. After 10 min of irradi-
ation, 80% of the biofilm was eliminated (assessed by biofilm staining
with crystal violet) in the graphene study. Another study assessed the
release profile of tobramycin at different temperatures and in three
different liposomal formulations [130] where the ratio of distearoyl
phosphatidylcholine, cypate and betainylated cholesterol were tailored.
All three showed low release at physiological temperature (20% over 70
h) versus roughly 80% release over the same period at 45 °C, yet the
release was different in the first 5 h, 60% release in the formulation with
the highest cholesterol amounts versus 30% and 20% in the other two
formulations. The liposomes with higher cholesterol content were able
to eliminate 50-60% of biofilm after laser irradiation for 5 mins.

Photodynamic therapy can also be used for drug release purposes. A
study evaluating thymol release [146] from chitosan micelles showed
that under irradiation, the ROS generation led to thymol release. Light
irradiation for 5 min led to 70% drug release over 30 h, 3-fold higher
than in the absence of irradiation. Using crystal violet assay, the team
reported that the formulation eliminated roughly 40% of L. mono-
cytogenes and S. aureus biofilms without light irradiation as opposed to
80% or 70% (respectively) in its presence (relative biofilm value of 1.0
for control, and 0.6 or 0.2 without and with radiation for the loaded
carrier in L. monocytogenes and 0.6 or 0.3 for S. aureus in the same
conditions).
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7.2. Internally-responsive systems

The presence of enzymes also has an impact on the drug release
profile, often dependent on enzyme concentration. In the absence of
enzymes, some systems exhibit no leakage whilst minimum release is
observed for others. For example, some studies compared gelatinase
[90] and hyaluronidase [82] responsiveness and showed some drug
release over 48 h in the absence of enzyme, whereas a lipase study
showed no release [165]. Furthermore, the lipase-responsive study
showed pronounced bacterial killing efficacy in streptococcal biofilms in
S. mitis and S. mutans, but not S. salivarius (evaluated by the percentage
bacterial viability in biofilms). Such difference was attributed to high
MIC values this strain has for the drug assessed (triclosan), yet it would
be interesting to confirm if there are different enzyme concentrations
between these strains that might impact drug release. Moreover, factors
such as the composition and maturity of biofilms can have pronounced
effects on enzyme expression, which would translate into different
release profiles from the same system. It is noteworthy that the number
of studies conducted are still lacking to provide comprehensive assess-
ment on how different enzyme expression affects drug release and its
correlation with biofilm destruction or inhibition, but this area is worth
exploring.

pH-controlled drug release was assessed in different studies under
acidic conditions, yet the assessed pH values differs between studies,
ranging from 4.0 to 6.0. In the study conducted by Fullriede et al [74],
the decrease in one pH unit (pH 4.0) was enough to increase the cu-
mulative release of chlorhexidine from 240 pg/mg (pH 5.0) to 270 pg/
mg in the first 12 h. Interestingly, the modification of the nanoporous
silica particles to have pH responsiveness led to a lower cumulative
release at physiological pH (7.4) and the release of the modified carriers
under acidic conditions was still lower than the unmodified at neutral
pH. After modification, the release was still superior in acidic conditions
in a pH-dependent manner. Another study [81] showed faster release at
pH 6 in comparison to pH 7.4, and the encapsulation of the drug into the
responsive system led to controlled release with 69% of biofilm
destruction comparatively to 26% of bare vancomycin, assessed through
crystal violet assay.

7.3. Multiple stimuli-responsive systems

Considering systems that respond to more than one stimulus, inter-
nally responsive approaches were tested in two separate studies for dual
pH and lipase responsiveness. The acidic pH triggered the protonation of
the carrier to enhance biofilm penetration, whereas lipase triggered the
release of the encapsulated drug. A study used zwitterionic lipid nano-
particles loaded with vancomycin containing DNA nanoparticles [155].
In this work, low lipase concentration led to 50% release in 24 h, which
increased to 90% at higher enzyme concentrations. Interestingly, the
study also observed that the system had a slower release in comparison
to free vancomycin, but the amount released at 24 h was the same when
using higher enzyme concentrations. Crystal violet staining method
showed that biofilm biomass was reduced in 87% when treated with
high concentrations of the formulation. A similar rationale was behind
the work of Liu et al, where the presence of lipase enhanced the release
of triclosan to 80-90% with a burst release from polymeric micelles in
50 h, and a reduction in metabolic activity in biofilms was observed for
the carriers [79].

Attempts to control drug release using internal and external triggers
simultaneously have been used such as combining pH and light. As an
example, amoxicillin release was assessed after encapsulation in a
zeolitic imidazolate framework-8 that encapsulated both the antibiotic
and Pd—Cu nanoalloy [156]. This system had almost no release at pH
7.4, little over 10% for pH 6.0 and 60 to 80% release between the pH
values of 5.0 and 3.0, respectively, in the absence of irradiation. To
confirm the dual release hypothesis, the team evaluated release in the
presence of both stimuli. At acidic pH of 5.5, release reached 30% over
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50 min and increased to 40% upon laser irradiation for 10 min. At
physiological pH (7.4) barely any drug was released irrespective of laser
presence. Crystal violet staining results showed this approach resulted in
75% biofilm inhibition for S. aureus and P. aeruginosa.

8. Safety and toxicity considerations

The concept of toxicity as applied to nanoformulations is one of the
major concerns when developing a formulation. The safety of the
formulation is often dependent on the nanoparticle’s properties,
administration route and their interaction with surrounding environ-
ment. Their fate upon entering an organism can lead to acute or chronic
toxic effects, unleash inflammatory responses, genotoxicity [166] and
even embryo-fetal toxicity [167]. Since toxicity is not the main focus of
this review, some general considerations are depicted, yet more in depth
articles have been published elsewhere [168,169].

Many of the studies stated above focused on the development of
smart drug delivery systems against biofilms for future applications in
the clinic. While most assessed the toxicity of the systems through cell
cytotoxicity assays or in vivo mouse model assays with satisfactory re-
sults, the use of nanotechnology still has some knowledge gaps when it
comes to general and long-term safety. Most of the nanoparticles’ fea-
tures that affect toxicity are related to size, shape and surface chemistry
since they influence the carrier’s behavior inside cells and within the
organism [170], causing the particles to manifest potential toxicity at
tissue, cellular or molecular level. For example, size impacts the clear-
ance and accumulation of the nanocarrier. In this context, intravenously
administrated, nanoparticles can be quickly cleared mainly through the
kidneys (typically for sizes smaller than 6 nm) and liver (for sizes larger
than 6 nm), or through the mononuclear phagocyte system where a
long-term retention is observed [171]. However, long-term toxic effects
can correlate with the accumulation of nanoparticles in certain organs
such as the liver or spleen [172].

Surface chemistry also plays an important role regarding toxicity
since the contact of nanoparticles with body fluids frequently alters their
physicochemical properties. These changes can lead to aggregation or
agglomeration and protein absorption on the corona; phenomena that
interact closely with immune system. Whilst aggregation can lead to the
formation of large particles, easily taken up by phagocytes, the surface
coating of the particles could lead to enhanced or decreased immune
recognition (through opsonization or dysopsonic effect [173]) or
changes in the folding of plasma proteins, thus unleashing inflammatory
reactions [174].

On a cellular level, nanoparticles can also lead to the generation of
ROS which damages DNA, proteins, and lipids, and induce programmed
cell death, which depends on the nanoparticle’s size, dose, incubation
period and charge [172]. In the context of ROS generation, the nano-
particle’s composition can be of relevance. Metallic nanoparticles, such
as silver, zinc or titanium can lead to ROS generation, mostly related to
the release of metal ions [169], resulting from a catalytic process or a
reduction with long term toxicity concerns [168]. Since metallic nano-
particles have been used in the synthesis of responsive nanoparticles for
antibacterial purposes (e.g., photothermal therapy), safety concerns
should be considered in the development process. Other toxicity con-
cerns named above are related to surface chemistry, size, and agglom-
eration are more dependent on the formulation and should be carefully
chosen according to in vivo and in vitro studies based on acute and
chronic exposure.

Administration route of the nanoparticles can play an additional role
in the toxic effects, where the administration through the respiratory
tract is more correlated with lung diseases, for example [175]. In this
regard, most publications focus on parenteral, pulmonary and skin
administration [176], yet biofilms can also be formed on ocular, oral or
vaginal surfaces. Some nanoparticles are unable to reach deep parts of
the eye, whilst smaller nanoparticles are gifted with this ability. The
discrepancy opens the door to toxic responses not only to the anterior
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segment of the eye (such as the cornea and conjunctiva) but also to
sections on the posterior segment, such as the retina. Toxicity of the
delivery system for this administration route has also shown a correla-
tion with the material employed [177]. Another example concerns
topical administration, where nanoparticle skin penetration is influ-
enced according to the skin’s integrity (damaged skin has a different
influence on nanoparticle penetration in comparison to intact layers)
and the size of the particle itself. It has been postulated that particles
with 300 nm in size can reach deep skin layers without further pene-
tration [178].

Apart from the system itself, the trigger can also cause body damage.
For example, in photothermal therapy, tissue damage may occur due to
inaccurate laser exposure or distribution of the photothermal agent
[179]. Therefore, the development of smart nanoparticle-based formu-
lations can bring tremendous potential for biomedical applications, yet
extensive knowledge is necessary to prevent toxic side effects, where the
choice of material, administration route and trigger must be carefully
considered.

9. Conclusion and perspectives

Smart drug delivery systems represent an exciting alternative to
current antimicrobial therapies given their potential to improve the
penetration, potency and enhance the stability of antimicrobial thera-
pies against biofilm related infections [164] caused by both susceptible
and MDR strains. In this review, we highlighted how different smart
drug delivery systems have been developed as antibiofilm strategies
against bacterial and/or fungal biofilms paired with an analysis on their
impact on drug release profiles. These systems offer on-demand
controlled drug release by taking advantage of intrinsic biofilm char-
acteristics or through the application of an external stimulus. Examples
of the former include the characteristic acidic environment (where
protonation can lead to the carrier destabilization) or the expression of
certain enzymes (able to cleave chemical bonds to induce drug release).
External stimuli typically focus on the application of a laser light or
magnetic field for hyperthermia induction (thus breaking weak bonds
between drug and carrier to release the loaded compound). Some re-
searchers took a step further and used more than one stimulus for the
treatment of cutaneous or oral biofilms [155,156]. Whilst there are
plenty of triggers that can be used for on-demand drug delivery, biofilms
can be formed on different surfaces of the human body and by different
pathogens. Scientists should therefore consider that the same system
might not be suitable for every location. For example, the use of a laser
light might be suitable against skin infection but may not achieve the
desired effect when applied against vaginal biofilms. Similarly, different
pathogens tend to colonize different body surfaces, and therefore car-
riers that respond to internal cues might behave differently according to
the species forming the biofilm.

Since the use of advanced systems against biofilms is quite at an
embryonic state compared to the planktonic forms of bacteria [109],
more integrated studies on the biological behavior of nanocarriers is still
lacking under these conditions. This knowledge gap will hopefully be
bridged through a more integrated assessment of toxicity and efficacy
comparisons. Since there are plenty of cues that can be used for triggered
drug release, direct comparisons between the different stimulus would
be beneficial for the development of novel therapies. Furthermore, the
development of a formulation should be tailored to the application site,
which affects the toxicity profile it bears. Bearing this in mind, deeper
knowledge on side effects is lacking. Furthermore, there is currently no
universally accepted biofilm model that recapitulates fully the biological
aspects of the different infection sites which therefore poses a significant
translational challenge. Owing to the large complexity of in vivo bio-
films, a unified effort is therefore needed within the research space.

Nonetheless, the novel strategies depicted in this review highlight
the potential that smart drug delivery systems hold in the fight against
biofilms. Hopefully, future developments in this field will contribute
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with innovative formulations for improved and safer antimicrobial
alternatives.
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