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1.1. Circumventing antimicrobial-resistance and preventing its development in novel, 
bacterial infection-control strategies 
 
Abstract 
Development of new antimicrobials with ever “better” bacterial killing has long been considered 
the appropriate response to the growing threat of antimicrobial-resistant infections. However, the 
time-period between introduction of a new antibiotic and the appearance of resistance amongst 
bacterial pathogens is getting shorter and shorter. This suggests that alternative pathways than 
making ever “better” antimicrobials should be taken. This review aims to answer the questions 1) 
whether we have means to circumvent existing antibiotic-resistance mechanisms, 2) whether we 
can revert existing antibiotic-resistance, 3) how we can prevent development of antimicrobial-
resistance against novel infection-control strategies, including nano-antimicrobials. Relying on 
relieving antibiotic-pressure and natural outcompeting of antimicrobial-resistant bacteria seems 
an uncertain way out of the antibiotic-crisis facing us. Novel, non-antibiotic, nanotechnology-
based infection control-strategies are promising. At the same time, rapid development of new 
resistance mechanisms once novel strategies are taken into global clinical use, may not be ruled 
out and must be closely monitored. This suggests to focus research and development on designing 
suitable combinations of existing antibiotics with new nano-antimicrobials in a way that induction 
of new antimicrobial resistance mechanisms is avoided. The latter suggestion however, requires 
a change of focus in research and development. 
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1.1.1. Introduction  
The excessive use of antibiotics drives the evolution of antibiotic-resistant bacteria [1] and forms 
an increasing threat to our ability to treat bacterial infection [2,3]. Antimicrobial-resistant 
bacterial infections increase morbidity and mortality, inflict high costs to the healthcare system, 
cause major economic losses [4-6] and are predicted to become the number one cause of death 
by the year 2050 (Figure 1) [7-9].  
 

 
 

Figure 1. Predictions for the year 2050 on the number of deaths caused by various diseases, 
including antimicrobial resistant diseases. (From: Review on Antimicrobial Resistance. 
Tackling Drug-Resistant Infections Globally: Final Report and Recommendations. 
Available online: https://amr-review.org/sites/default/files/160518_Final%20 
paper_with%20cover.pdf (accessed on 27 December, 2019)) (with permission of Wellcome 
collection, Attribution 4.0 International (CC BY 4.0)). 

 
Whereas the development of new, ever “better” antimicrobials has long been considered the 

right pathway to go in order to prevent this sour prediction from becoming true, development of 
novel antibiotics, their regulatory approval and downward clinical translation proceed at a slow 
pace [10]. Industry is gradually losing interest in the development of novel antibiotics focusing 
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on development of drugs for other diseases with a rapid return of investment [11], since their 
active life-time before the first resistant bacterial strains appear, becomes shorter and shorter 
[12,13] and return of investment is becoming more and more doubtful [14]. 

With respect to novel infection-control strategies, expectation from nanotechnological 
innovations are high. Therefore, this review first briefly summarizes novel nanotechnology-based 
infection-control strategies and subsequently focuses on mechanisms of antimicrobial-resistance 
in order to answer the questions: 1) do we have means to circumvent existing antibiotic-resistance 
mechanisms, 2) can we revert existing antibiotic-resistance, 3) how can we prevent development 
of antimicrobial-resistance, particularly against novel infection-control strategies.  

 
1.1.2. Emerging new infection-control strategies 
Currently the focus in the development of new infection-control strategies is on novel, 
nanotechnology-based strategies [15]. Nanotechnology is producing an ongoing, high number of 
highly diverse, novel nano-antimicrobials [16] that are arguably providing already more new 
solutions than needed. Many novel, nanotechnological infection-control strategies are based on 
earlier-introduced tumor-control strategies [17]. Unfortunately, with a predominantly academic 
motivation, there are few attempts made to bring these novel infection-control strategies to 
clinical translation [10,18]. Different nanotechnology-based antimicrobials are summarized in 
Figure 2. The common feature of nano-antimicrobials is their small size and surface-adaptability 
that allow them to penetrate into an infectious biofilm. Many currently employed antimicrobials 
have difficulty penetrating infectious biofilms due to the extracellular matrix, self-produced by 
different bacterial strains. The extracellular matrix protects biofilm inhabitants against the host 
immune system and antimicrobial attack [19,20]. For penetration across the entire thickness of 
infectious biofilms (usually ranging up to 50 μm [21]), antimicrobials should be able to be 
transported through water-filled channels existing in biofilms [22-24] without adsorption to the 
channel walls [25]. Also, nano-antimicrobials should resist reticulo-endothelial rejection during 
transport through the blood circulation [26,27]. This limits their effective size to between 100 – 
200 nm [28]. All nano-antimicrobials listed in Figure 2 can be prepared to meet this criterion, 
with carbon dots being the smallest type of nano-antimicrobials [29,30].    
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Figure 2. Overview of novel, nanotechnology-based antimicrobials, distinguishing organic 
and inorganic materials, together with their perceived advantages with respect to infection-
control. 

 
Nano-antimicrobials can be separated into two classes, based on whether composed of 

inorganic or organic components. Some inorganic nano-antimicrobials possess enzyme-mimic 
activity, like peroxidase- or deoxyribonuclease-like activity. Peroxidase-activity of inorganic 
nanoparticles, including carbon dots and metals included in nanocrystals, allows conversion of 
H2O2 into reactive-oxygen species (ROS). ROS is lethal to most bacterial strains and species [31-
33], but as a drawback many ROS species are highly unstable and short-lived (usually in the 
micro- to milli-seconds range) [34]. Other reactive-nitrogen species generated by nanoparticles 
such as nitric oxide (NO) are more stable than ROS [35], killing bacteria through inhibition of 
DNA replication or blocking their respiration [36], and hindering adhesion [37]. 
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Deoxyribonuclease-like activity can cause hydrolysis of extracellular DNA (eDNA) [38], an 
essential component of the extracellular matrix that keeps a biofilm together [39]. Disruption of 
the biofilm matrix may make a biofilm more amenable to antimicrobial treatment [40] and 
bacterial dispersal [41] into the blood stream, after which planktonic, infectious bacteria are more 
prone to killing by antibiotics or host immune cells [42].  

Inorganic nano-antimicrobials introduce two new features in infection-control, being their 
composition-dependent photothermal and magnetic properties. Photothermal nanoparticles can 
be locally light-activated to produce high amounts of heat and have been studied mostly for tumor 
control [43,44], but heat can kill both mammalian cells as well as bacteria. Infectious bacteria can 
be killed using photothermal nanoparticles, presumably irrespective of Gram-character, strain or 
species (see Figure 3A for an example involving Staphylococcus epidermidis) [45-47]. Upon 
application of photothermal nanoparticles in the human body to kill infectious bacteria, heat can 
dissipate to surrounding tissues to cause collateral damage [48]. Therefore, adequate targeting of 
photothermal nanoparticles to a micrometer-sized, infectious site is important, but this is usually 
much more difficult than targeting to a centimeter-sized tumor upon which their initial clinical 
use was based [43,44]. A similar difficulty is associated with the use of antimicrobial magnetic 
nanoparticles [49]. Whereas targeting of anti-tumor magnetic nanoparticles to a tumor site is 
possible by a variety of methods [50,51], exact targeting to a micrometer-sized, infectious biofilm 
and distribution over the entire depth of a biofilm is far from trivial [49], opposite to the ideal 
distribution (Figure 3B) that is suggested to be achieved effortlessly in many articles on the use 
of magnetic nanoparticles for infection-control [52,53]. In reality, over- or under-targeting of 
magnetic nano-particles towards the top or bottom of an infectious biofilm readily occur, unless 
magnetic field strength and application time are well-tuned to the dimensions of the biofilm [49]. 
As an alternative to exact targeting of magnetic nanoparticles, magnetic iron-oxide nanoparticles 
have been magnetically pulled through infectious biofilms using a simple external magnetic field 
to dig artificial channels that increase antibiotic penetration and bacterial killing [22,49,54].  

Several nano-antimicrobials, due to their enormous specific surface area, can release high 
numbers of anti-bacterial metal ions, such as Ag ions [55]. Large specific surface areas, such as 
of graphene oxide sheets also yield the possibility to bind high concentrations of antibiotics to 
serve as delivery vehicle and promote killing of bacteria [56]. However, the specific structure of 
many inorganic nano-antimicrobials can also do irreparable and lethal physical damage to 
infectious bacteria on its own. The knife-like edges of two-dimensional nanomaterials can insert 
into bacterial membranes to extract phospholipids and therewith cause lethal cell wall damage 
[57]. Finally, the open pore structure of metal-organic-frameworks (MOFs) offers many 
possibilities for antimicrobial-loading and subsequent release of gases or nanozymes.  

Organic nano-antimicrobials offer similar size advantages as inorganic nano-antimicrobials, 
while their size is often tunable [58]. In addition, organic nano-antimicrobials are often 
biodegradable. Chitosan for instance, is a biodegradable and non-toxic natural organic polymeric 
material [59] and its cationic groups can interact with negatively charged bacteria to change the 
permeability of the bacterial cell membrane, bind to intracellular DNA and inhibit mRNA 
transcription and protein synthesis [60]. Aloe vera, as a natural herbal antibacterial agent can 
effectively inhibit the growth of Staphylococcus aureus and Escherichia coli [61]. The 
biodegradable polymer composite film-coating formed by aloe vera and polyvinyl alcohol has 



General Introduction and Aim of this Thesis 

8 
 

the potential ability to prevent surgical site infection and promote wound healing [62].  
Organic nano-antimicrobials are relatively easy to modify as they can possess a large variety 

of functional groups that can be used to alter their interaction with their environment, i.e. blood, 
saliva, tissue cells or biofilm bacteria and their protective matrix. pH-responsive antimicrobial-
loaded micelles composed of a hydrophobic polycaprolactone (PCL) core and a hydrophilic 
poly(ethylene glycol) (PEG) corona can circumvent clearance by the reticulo-endothelial system 
and be stealthily transported through the blood circulation [63] to deliver an antimicrobial cargo 
in the acidic environment of a biofilm. pH-responsiveness typically inverts the charge of micellar 
nanocarriers from being negatively-charged at physiological pH to being positively-charged at 
pH 5.0, as usually prevailing in infectious biofilms [64]. This allows antimicrobial-loaded 
micelles to penetrate and accumulate in biofilms (Figure 3C). Depending on micellar properties, 
antimicrobial release can be triggered by bacterial enzymes to kill bacteria over the depth of a 
biofilm [64]. 
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Figure 3. Examples of the advantages of nano-antimicrobials in combating infectious 
biofilms. (A) Fluorescence images showing the effect of a gold-nanorod coating on a glass  

surface in bacterial killing of a S. epidermidis biofilm by photothermal heat conversion. Biofilms 
on the gold-nanorod coated surface show almost complete bacterial killing (red-fluorescent 
bacteria) upon NIR-irradiation. Green-fluorescent bacteria are alive [47] (with the permission of 
Elsevier Ltd.). (B) The idealized deep penetration and homogeneous distribution of magnetically 
targeted nanoparticles into infectious biofilms, often assumed rather than experimentally 
demonstrated and not trivial to achieve [49] (with permission of ACS Publications). (C) 
Penetration and accumulation of pH-responsive, Nile-red loaded mixed-shell polymeric micelles 
in a staphylococcal biofilm at pH (5.0) [64] (with permission of ACS Publications). (D) ROS 
production by graphene carbon dots (GQDs) upon sunlight irradiation (quantified by DCFH-DA 
staining) and E. coli survival (inset) [30] (with permission from Taylor & Francis). 
 

Zwitterionic polymeric nanoparticles possess an equimolar number of anionic and cationic 
groups along the same or different polymer chain [65] and therewith also can alter their charge 
properties under physiological conditions and inside an acidic, infectious biofilm in a pH-
responsive manner [66,67].  
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Carbon dots can be made from a variety of sources by simple carbonization [68-70] and 
possess antibacterial and antifungal activity [29]. E. coli could be killed by ROS, produced by 
graphene quantum dots irradiated by sunlight (Figure 3B) [30]. Compared with carbon dots, 
dendrimers possess a precise molecular structure providing a large number of functional groups 
that can be used for conjugation of antimicrobials [46,71-74]. 
 
1.1.3. Mechanisms of antibiotic-resistance 
A proper summary of antimicrobial-resistance should distinguish between the intrinsic 
antimicrobial-resistance that individual bacteria may possess during planktonic growth and the 
recalcitrance to antimicrobial penetration offered to bacteria in their protective biofilm-mode of 
growth, common to the majority of bacterial infections [75]. The biofilm-mode of growth and the 
barrier it poses towards the penetration of antimicrobials and their problematic killing efficacy 
across the depth of a biofilm, was known long before the word “biofilm” was coined. Antoni van 
Leeuwenhoek described over three hundred years ago that vinegar, as an ancient antimicrobial, 
killed only bacteria that resided at the outside of a bacterial layer attached to a surface, i.e. what 
we now call “biofilm” [76]. Therewith, biofilm formation can be classified as a main mechanism 
of antibiotic-resistance together with other, intrinsic mechanisms of antibiotic-resistance, 
including enzymatic inactivation of antimicrobials, target modification, immunity and bypass, 
efflux (Figure 4A). 
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Figure 4. Mechanisms of antibiotic-resistance and antibiotic targets. (A) Mechanisms of 
antimicrobial-resistance, including biofilm formation and intrinsic mechanisms of antibiotic-
resistance based or natural resistance or resistance acquired through gene mutation of transfer (B) 
Bacterial targets of different antibiotics and resistance mechanisms applied by bacterial pathogens 
[77] (with permission from BioMed Central). 
 

Clinically, antibiotics form the most applied class of antimicrobials. Antibiotic targets 
depend on the type of antibiotic and the bacterial strain involved, and can range from the cell wall, 
DNA/RNA synthesis, folate synthesis, the cell membrane and intracellular protein synthesis 
(Figure 4B) [77]. Accordingly, mechanisms of antibiotic resistance applied by bacterial 
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pathogens also differ (see also Figure 4B), depending on the antibiotic and genetic abilities of 
the organism. Importantly, bacteria can acquire resistance mechanisms by gene mutation under 
the influence of environmental antibiotic pressure or gene transfer, particularly in a biofilm.  
 
1.1.3.1. Biofilm formation 
Biofilms are complex, surface-adhering and surface-adapted microbial communities within a 
self-composed extracellular polymeric matrix [78,79], comprised of polysaccharides, proteins, 
lipids, and extracellular DNA. Matrix production starts upon sensing of the adhesion forces 
arising from a substratum surface [80] and can differ on surfaces from which different adhesion 
forces arise. Biofilms of some strains, adhering strongly to hydrophobic silicone rubber, produced 
an extensive EPS matrix and therewith became less susceptible to gentamicin. However, these 
strains only weakly adhered to hydrophilic, polymer-brush coated silicone rubber, leaving the 
bacteria in the impression of being in a planktonic state [81] and accordingly had a similar 
susceptibility to gentamicin as planktonic bacteria. In a biofilm, depth-dependent gradients exist, 
like in nutrient availability, pH and oxygen concentration towards the bottom of a biofilm [82,83], 
that cause a low metabolic activity, associated with a higher tolerance to antibiotics [82]. These 
low metabolically-active or metabolically-inactive bacteria in a biofilm-mode of growth are in a 
so-called “dormant” state. Dormant bacteria are tolerant to antibiotics, but not resistant, have not 
genetically changed, but are phenotypic variants.  

Persisters can comprise 1% of a biofilm-population [84] but due to their antibiotic-tolerance 
often related to chronic infections as they can start re-growing when antibiotic pressure is relieved. 
Antibiotic-resistant bacteria have genetically changed to block antibiotic activity and grow in the 
presence of antibiotics. Typically, a biofilm houses subpopulations of bacteria that are susceptible 
and resistant to an antibiotic, a phenomenon called hetero-resistance [85,86]. Accordingly, the 
crowdedness and close proximity between bacteria in a biofilm-mode of growth create a hot-spot 
for horizontal gene transfer occurring within and between bacterial species and resulting genetic 
changes [87]. Horizontal gene transfer requires membrane-associated DNA transport system as a 
part of natural, bacterial evolution [88]. Antibiotic-resistant mutants therefore generally appear 
more frequent in bacteria in a biofilm-mode of growth than during planktonic growth and 
accordingly inhibitory (MIC) and bactericidal concentrations (MBC), against biofilm bacteria are 
much higher than that of planktonic bacteria [89,90].  
 

1.1.3.2. Enzymatic inactivation of antimicrobials 
Many bacterial strains have the ability to secrete enzymes that protect them against antibiotics or 
other antimicrobials. Typically, these protective enzymes will add an acetyl or phosphate group 
to a specific site on the antibiotic to inactivate it [91,92]. Enzymes not only inactivate an antibiotic 
by blocking a specific molecular site, but also by inducing structural changes to an antibiotic 
molecule [93]. β-lactamase for instance destroyed the core of β-lactam antibiotics to inactivate 
its active sites (serine residues or Zn2+) [94]. Structural changes and associated inactivation of 
active sites can prevent antibiotic molecules from binding to a target protein through steric 
hindrance, therewith causing antibiotic-resistance. Particularly aminoglycosides are rich in 
hydroxyl and amide groups that are prone to structural changes by modifying enzymes. Currently, 
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thousands of enzymes have been identified inactivating different classes of antibiotics, including 
β-lactams, aminoglycosides, macrolides and rifampicins [77] (Figure 4B). Synthetic 
anhydrotetracycline analogues, for instance, are under consideration [95] as a pro-active inhibitor 
of enzymatic tetracycline degradation in E. coli expressing tetracycline destructase enzymes 
(Figure 5A). 

1.1.3.3. Target modification 
Different antibiotics have different intra- or extra-cellular components as a target to inflict lethal 
damage to a bacterium (Figure 4B), including genetic material, proteins, the cytoplasmic 
membrane and other cell wall components [96,97]. Antibiotics bind to their targets with high 
affinity in order to negatively affect normal functioning of the target. However, upon acquiring 
antibiotic resistance, target sites can be modified to lower the affinity of an antibiotic for the target 
site [77,89,98,99]. Resistance in Streptomyces sp. strain AM-2504 has been described to be due 
to amino acid substitutions in its ribosomes, yielding loss of affinity for the antibiotic dityromycin, 
therewith protecting organism [100]. 
 
1.1.3.4. Immunity and bypass 
Our understanding of a nucleic acid–based “immunity” system in bacteria, possibly governed by 
the CRISPR spacer content and the Cas enzymatic machinery, is still in its infancy [101,102]. Yet, 
it seems realistic that bacteria can acquire immunity to bypass antibiotics through the production 
of proteins that bind to antibiotics or their targets to prevent interaction of an antibiotic with its 
target site [99,102]. CRISPR/Cas9 or its variants can be used to target bacterial antibiotic-
resistance to enhance their susceptibility to current antibiotics. For instance, mutated penicillin 
binding protein 2a causes methicillin-resistance in Staphylococcus aureus (MRSA) [103]. A 
CRISPR/dCas9 plasmid system with multiple target sites can be used to replace the CRISPR-
Cas9 system to target mecA gene sites in MRSA, reducing mecA gene expression and making 
MRSA regain susceptibility to lactam antibiotics [104]. In contrast, the  CRISPR/Cas machinery 
can also be used to impede the transfer of specific nucleic acid sequences into a bacterium which 
might avoid, via genetic-engineering, the dissemination of antibiotic resistance [105]. However, 
CRISPR based immunity in bacteria is mostly associated with resistance against viruses [106]. 
 
1.1.3.5. Efflux and decreased uptake 
Whereas bacterial cell wall membranes themselves present already effective barriers towards 
antibiotic uptake [107], bacterial membranes can also possess proteinaceous structures to pump 
out antibiotics that have entered a cell. Accordingly, efflux pumps have been recognized as a 
major mechanism applied by bacterial strains to prevent killing by antibiotics [108]. Depending 
on the family of efflux pumps they belong to [109-113], efflux pumps can be activated by 
chemical or mechanical stresses. In the presence of nisin, the intra-membrane located nisin sensor 
NsaS in S. aureus donates phosphate groups to an intra-cellularly located response-regulator 
NsaR to modulate efflux of the antibiotic [114]. Efflux was demonstrated to be more efficient 
when the intra-membrane sensor received not only a chemical stimulus but also a mechanical one 
due to adhesion to a surface (Figure 5B) [115], as in a biofilm. 
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Figure 5. (A) In vitro inhibition by different synthetic anhydrotetracycline (aTC) analogues of 
tetracycline destructase degradation as a function of inhibitor concentration, measured using an 
optical absorbance kinetic assay and expressed as a velocity parameter [95]. (with permission 
from Springer). (B) Normalized nsaS expression as a part of the nisin efflux system in S. aureus 
SH1000 in a planktonic state and adhering to a hydrophobic polyethylene surface [111,115].  
 
1.1.4. Circumventing existing antibiotic-resistance mechanisms  
Circumventing antibiotic-resistance mechanisms may allow us to make longer use existing 
antibiotics. Proper encapsulation of existing antibiotics in smart nanocarriers has already 
addressed the poor penetrability of infectious biofilms by antibiotics, as a mechanism controlling 
antimicrobial resistance (Figure 3C) [64,116,117]. Triclosan loaded into smart micellar 
nanocarriers also led to killing of multiple-drug-resistant S. aureus [118]. In general, bacteria 
seem to have more difficulty dealing with attacks by multi-antimicrobials at the same time than 
by single-antimicrobial attacks [119]. Hence, we here briefly summarize the advantages of 
combining different antimicrobials with an antibiotic to combat antibiotic-resistant bacteria, 
including the use of nano-antimicrobials.     
 
1.1.4.1. Antibiotic-antibiotic combinations 
Infection treatment is considered easier when applying multiple antibiotics at the same time. 
Combination of antibiotics with different working mechanisms is preferable to increase efficacy 
and circumvent bacterial resistance, because it is difficult for a bacterium to block different 
working mechanisms at the same time [120]. More importantly, multiple antibiotic treatment is 
considered less likely to induce antibiotic-resistance, particularly when the antibiotics have 
different target sites [121], as this would require multiple mutations in the same bacterium [122]. 
However, for synergy between two antibiotics to develop, they have to reach an infectious 
bacterium at the same time [123,124]. A bone cement, used for the fixation of orthopedic joint 
arthroplasties for instance, loaded with a combination of gentamicin and fusidic acid was effective 
against a higher number of clinical isolates, including gentamicin-resistant strains, than 
gentamicin or clindamycin. Moreover, this combination performed better than the combination 
of gentamicin and clindamycin, likely because both are amino-glycosides [125]. An evaluation 
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of single-, dual-, and triple-antibiotic combinations comprising 14 different antibiotics 
(clindamycin, ciprofloxacin, tobramycin, streptomycin, cefoxitin, nitrofurantoin, ampicillin, 
erythromycin, gentamicin, chloramphenicol, vancomycin, fusidic acid, doxycycline, and 
trimethoprim) yielded a synergistic increase in efficacy of 17% of triple-antibiotic combinations 
compared to a 5% increase of dual-antibiotic combinations, as evaluated against two E. coli and 
a S. epidermidis strain [124].  
 
1.1.4.2. Combination of antimicrobial peptides and antibiotics 
Often antibiotic-resistant bacteria show sensitivity to antimicrobial peptides [126,127]. 
Antimicrobial peptides are composed of a cationic group with a hydrophobic tail and possess the 
ability to perforate bacterial cell membranes to enhance antibiotic entry and killing. Sub-
inhibitory concentrations of the antimicrobial polypeptide colistin for instance, clearly 
demonstrated cell wall perforation in Pseudomonas aeruginosa, E. coli and Acinetobacter 
baumanii, yielding a synergistic effect with chloramphenicol, tetracycline, linezolid and 
vancomycin against strains resistant to at least one of these antibiotics [128]. 
  
1.1.4.3. Combination of synthetic antimicrobials and antibiotics 
Synthetic antimicrobials comprise a wide variety of compounds, ranging from synthetic 
antimicrobial peptides, quaternary ammonium compounds to well-known clinically used 
antimicrobials, such as Triclosan and chlorhexidine [129,130]. Synthetic antimicrobial peptides 
and quaternary ammonium compounds generally function the same way as antimicrobial peptides 
and can pave the way for antibiotic entry in a bacterium by perforating the bacterial cell 
membrane [131]. Amongst a screening of 6,080 compounds for possible synergistic action with 
tobramycin against P. aeruginosa, Triclosan as an FDA-approved antimicrobial, combined with 
tobramycin yielded a 2 log-unit reduction in viable bacteria in a biofilm-mode of growth, while 
neither Triclosan nor tobramycin any significant antimicrobial efficacy against 6/7 cystic fibrosis 
(CF) clinical isolates, including a tobramycin-resistant strain [132]. However, the application of 
Triclosan in a wide range of consumer products has been described to induce a dormancy though 
its inhibition of fatty acid synthesis, yielding antibiotic tolerance, as an unexpected side effect 
[133].  
 
1.1.4.4. Combination of herbal antimicrobials and antibiotics 
Several herbal antimicrobials [134,135], have demonstrated antimicrobial activities against 
multi-drug resistant bacterial strains. Combination of herbal antimicrobials with existing 
antibiotics lowered the minimum inhibitory concentrations of antibiotics against bacteria [136]. 
Thymol and carvacrol reduced the resistance of Salmonella thyphimurium against ampicillin, 
tetracycline, penicillin, bacitracin, erythromycin and novobiocin and resistance of Streptococcus 
pyogenes to erythromycin. For E. coli thymol and cinnamaldehyde had a reducing effect on the 
resistance against ampicillin, tetracycline, penicillin, erythromycin and novobiocin. Carvacrol, 
thymol and cinnamaldehyde reduced the resistance of S. aureus against ampicillin, penicillin and 
bacitracin [128,136]. These synergistic activities have been ascribed to the ability of herbal 
antimicrobials to perforate bacterial cell membranes and interfere with enzymatic inactivation of 
antibiotics [137,138].  
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1.1.4.5. Combination of nano-antimicrobials and antibiotics 
There are numerous examples of nanoparticles that circumvent antimicrobial resistance in 
different bacterial strains and species, including nitric oxide-releasing nanoparticles [139] or 
hydrogels [140], chitosan [59] and metal [141] (most notably silver [142] containing 
nanoparticles, combining different modes of action to eradicate antimicrobial-resistant infections 
[59]. Vancomycin encapsulated in chitosan nanoparticles killed vancomycin-resistant S. aureus, 
gold nanoparticles conjugated with vancomycin killed vancomycin-resistant enterococci and E. 
coli and in combination with ciprofloxacin demonstrated improved killing of vancomycin-
resistant enterococci [143]. 
  
1.1.4.6. Enzyme-inhibitors 
Bacterial resistance to β-lactams, the most commonly used class of antibiotics, is predominantly 
caused by the production of bacterial enzymes, termed β-lactamases [144,145]. Enzymes secreted 
by bacteria to deactivate antibiotics can be inactivated on their turn, by enzyme-inhibitors [91,94]. 
Therewith, pro-active co-delivery of antibiotics and enzyme-inhibitors constitutes a powerful 
pathway to circumvent bacterial resistance to β-lactams. β-lactam antibiotics and β-lactamase 
inhibitors can be co-delivered for instance, by encapsulation in a metal-organic framework and 
have been shown to enable killing of MRSA strains [146].  
 
1.1.5. Preventing development of antimicrobial-resistance 
Arguably, the development of novel antimicrobials that do not induce resistance may be equally 
or even more important than the development of ever “better” antimicrobials. For many forms of 
antimicrobial resistance to develop, it is required that resistant mutants are generated, but as a 
next step, a population must be selectively enriched by the resistant sub-population [147]. 
Methods to study induction of antimicrobial-resistance are relatively scarce and time-consuming, 
but considering their potential future importance will be briefly summarized below, together with 
infection-control strategies currently known not to induce infection. 

 1.1.5.1. Methods to study induction of antimicrobial-resistance 
Antimicrobial resistance is usually assessed through the measurement of minimal inhibitory 
concentrations (MIC). For the phenomenological study of the induction of antimicrobial 
resistance, bacteria can be transferred from a growing culture into a medium supplemented with 
a sub-MIC concentration of an antimicrobial for successive, serial-passaging of an aliquot into 
fresh antimicrobial-supplemented medium. For each serial-passage, the MIC is determined. In 
some protocols, after a selected number of serial passages, antimicrobial concentrations are 
doubled repeatedly up to half the MIC. Short-term induction involves less than 20 serial-passages, 
while in some protocols long-term induction involves up to100 serial-passages. Essentially, once 
a resistant strain has been obtained, stability of resistance should be tested by culturing the 
resistant strain in absence of the antimicrobial for a minimum of 5-10 serial passages [148].  

In a more mechanistic approach, the number of mutations conveying resistance to bacteria 
is determined by enumeration of the number of bacteria that acquire resistance against a sub-MIC 
concentration of an antimicrobial per viable organism [149]. This is generally referred to as the 
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mutation frequency, but bears as a disadvantage that it neglects whether bacteria acquire 
resistance after short- or long-term exposure to an antimicrobial. For a given exposure time, 
bacterial survival in presence of antibiotics starts to decline above MIC (Figure 6A), attributed 
to the inhibition of wild-type bacterial growth [150]. The low level-metabolic activity of bacteria 
between MIC and MBC, allows mutations to occur and cause antibiotic resistance. Once an 
antibiotic concentration equal to MBC is reached within a certain time-window, no CFUs can be 
retrieved. The so-called mutant prevention concentration (MPC) is therefore slightly lower than 
MBC, alluding full eradication of all bacteria present. Mutant resistant strains can be selected 
between MIC and MPC, i.e. the Mutant Selection Window (MSW, see Figures 6A and B) 
[150,151].  

If bacteria acquire resistance early in a mutant selection window (Figure 6A), they will have 
a larger progeny than when resistance is acquired later. To account for this, assuming that 
acquisition of resistance is linear in time, mutation rate has been introduced, i.e. the number of 
bacteria acquiring resistance per viable organism per unit time after antimicrobial exposure 
[149,152]. 

 
Figure 6. The concepts of mutant selection window (MSW) and mutant prevention 
concentration (MPC), as introduced by [151]. (A) CFUs retrieved from a bacterial culture after 
antimicrobial exposure as a function of antibiotic concentration (Green and red indicate bacteria 
prior to and after mutation, respectively. (B) Serum concentration of an antibiotic as a function 
of time after administration, with MIC and MPC indicated [adapted from reference 150] (with 
permission from Oxford university press).  

1.1.5.2. Nano-antimicrobials not inducing resistance: do they exist? 
Nano-antimicrobials frequently act on a non-antibiotic basis, requiring new bacterial mechanisms 
to evade killing. Bacteria have acquired already quite a number of mechanisms to resist 
antimicrobial action and it is considered likely that with the arrival of novel nano-antimicrobials, 
new mechanisms of antimicrobial resistance will undoubtedly arise over time as well. 
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 Generation of heat by certain classes of novel nano-antimicrobials is presumed to kill 
bacteria indiscriminate of strain or species, but heat can cause collateral tissue damage which puts 
a limit to the amount of heat that can be generated in vivo. Heat-resistant bacteria exist already in 
various natural environments like hot-water springs[153] and industrial applications [154], like 
dairy processing units. Whether potential large-scale clinical use of photothermal nanoparticles 
will also convey heat-resistance to human clinical pathogens, is an open question. Equally, 
although bacteria possess little or no resistance against ROS, several bacterial strains and species 
are known to possess oxidative stress regulating genes that are crucial for their survival during 
exposure to endogenous or exogenous ROS exposure [155]. E. coli and P. aeruginosa strains have 
been described to develop resistance to Ag nanoparticles after repeated exposure through the 
production of a flagellum protein causing aggregation of Ag nanoparticles and therewith their 
inactivation [156]. This resistance mechanism could not be overcome by additional stabilization 
of the nanoparticles using surfactants or polymers. 

These early warnings of potential new bacterial resistance mechanisms, warrants careful 
monitoring of the potential development of ROS-resistant or other novel nano-antimicrobial-
resistant bacterial strains, might these become large-scale used in the clinic. To prevent new 
bacterial resistance mechanisms against nano-antimicrobials to develop, it might be advisable to 
start their clinical use in combination with existing antibiotics. Serial-passaging of S. aureus in 
the presence of quaternary ammonium modified gold nanoclusters (QA-AuNCs), did not yield an 
increase in MIC up to 30 days of serial-passaging (Figure 7A), whereas serial-passaging in the 
presence of oxacillin yielded a more than 30-fold increase in MIC [157]. Similar observations 
were made for the exposure of P. aeruginosa to antimicrobial peptide coated Ag nanoparticles 
and ceftriaxone (Figure 7B). Combining novel nano-antimicrobials with existing antibiotics may 
thus provide a promising pathway to face the upcoming crisis in the control of antimicrobial-
resistant infections, not only because it will allow to continue clinical antibiotic treatment of 
infection using available antibiotics, but also because it provides a clear pathway to make longer 
use of potential new antibiotics under development. 

 

 
Figure 7. Development of resistance against antibiotics upon bacterial exposure to nano-
antimicrobials as compared with exposure to existing antibiotics. (A). Development 
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resistance towards S. aureus exposed to quaternary ammonium modified gold nanoclusters (QA 
AuNCs) as compared with the development of resistance against oxacillin [157]. (with permission 
from Wiley-VCH Verlag GmbH & Co). (B). Development of resistance towards P. aeruginosa 
exposed to poly(ε-caprolactone)-b-antimicrobial peptide coated Ag nanoparticles (AgNPs@PCL-
b-AMPs) as compared with the development of resistance against ceftriaxone [158] (with 
permission from ACS Publications).  

1.1.7. Reverting existing antibiotic-resistance 
It is sometimes argued, that the threat of antimicrobial-resistant infections becoming the number 
one cause of death [7] in 2050, will disappear once we have effectively reduced the antibiotic 
pressure present world-wide. Antimicrobial resistance will simply go away the same way as it 
came by selective pressure [159,160]. Bacteria that have acquired resistance through mutations 
in their DNA or horizontal gene transfer, need to cope with the newly acquired resistance at the 
expense of considerable energy consumption, that makes it difficult to compete with naturally 
susceptible bacteria [160].  Moreover, hetero-resistance is very common in many bacterial 
populations and facilitates reversal of antibiotic-resistance [159]. Based on this, it has been 
proposed to always use the antibiotic that requires most energy for a bacterium to deal with 
[160,161], while others suggests that drugs should be developed that stop horizontal gene transfer 
in infectious biofilms [162]. 
 
1.1.8. Expert opinion 
Rampant overuse of antibiotics has led to the development of bacterial strains and species that 
are resistant to all known antibiotics. The prospects of novel antibiotics being developed and 
brought to clinical application are low, because of the high costs involved. Moreover, the ever-
shorter time-period until the first resistance strains arrive after clinical introduction of a new 
antibiotic, reduces the chances upon return of investment, constituting a hurdle for needed 
industrial participation in the development process. Relying on natural outcompeting of 
antimicrobial-resistant bacteria after effectively reducing the antibiotic-pressure existing world-
wide, seems like a difficult and impossible pathway, not only because of the scientific debate 
concerning its reality but also because it requires global, political consensus. 

Therefore, it is advisable to focus research efforts not solely on making ever ‘better’(read: 
‘stronger’) antimicrobials, but much more on designing suitable combinations of existing 
antibiotics with new nano-antimicrobials in a way that induction of new antimicrobial resistance 
mechanisms is avoided. 

A final brief comment on novel antimicrobial strategies involves the pre-clinical, animal 
evaluation that is required before human clinical trials can be initiated. Pre-clinical animal 
evaluation of novel infection-control strategies will remain a conditio sine qua non despite the 
availability of advanced in vitro models and although it is generally acknowledged that animal 
studies bear little relation to human clinical outcome [163,164]. For a wide variety of reasons, 
this may be especially true for the evaluation of novel infection-control strategies in animals. 
Work by Moriarty et al. [163] has pointed to the importance of bacterial inoculum preparation, 
pathogen selection, quantification methodology, large inoculum doses, overuse of sub-cutaneous 
infection sites, use of healthy animal and low-aiming efficacy targets. Another important reason 
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may be, that we are often not allowed to inflict experimental infections to animals that make them 
suffer. Opposite to cancer where a tumor can grow for a long period of time before causing clinical 
symptoms, patients suffering from infection can feel sick within days after the on-set of infection 
and are in urgent need of medical treatment. The mild, often no-symptomatic and self-curing 
experimental infections inflicted in animals are therewith fully at odds with the serious, 
antimicrobial-resistant infections we are supposed to find a cure for in our research [165]. 
Therefore, it has recently been proposed that animal infection-models should use prevention of 
death and recurrence of infection as primary efficacy targets to be addressed by novel strategies 
and not e.g. bioluminescence or CFU enumeration. In many cases, application of the latter 
methods only serve to facilitate publishing of academic papers, but bear no clear translational 
aim. Advanced animal infection models that better mimic the characteristics of serious human 
infectious diseases, may increase the predictive value of animal studies for the human situation 
and better facilitate clinical translation of novel antimicrobial-strategies [165]. 
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1.2. Aim of this Thesis 
Over the past decades, antimicrobial-resistant bacterial strains have successfully found ways to 
survive antibiotics that have for a long time formed the sole defense for humans against infection, 
next to their own immune response. The development and clinical application of new 
antimicrobials or antibiotics are difficult and slow due to stringent regulatory requirements and 
high costs. Collectively, these developments threaten to make antimicrobial-resistant bacterial 
infections the number one cause of death within several decades. In order to prevent this threat 
from becoming true, it is urgent to find new, non-antibiotic-based strategies to control infectious 
biofilms.  

Photothermal nanoparticles constitute a non-antibiotic based infection-control strategy with 
no indications of thermal resistance amongst bacterial pathogens. Therefore, the aim of this thesis 
is to explore and evaluate the advantages and disadvantages of photothermal nanoparticles for the 
control of bacterial infection. 
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