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ABSTRACT 

Chronic infections frequently involve formation of bacterial biofilm. The biofilm protects the embedded 

bacteria from antibiotic treatment and host immune responses, rendering many traditional antibiotic 

therapies ineffective. This, together with the lack of new antibiotics in the developmental pipeline, 

highlights the need for innovative treatment strategies optimizing the dosing of currently available drugs. 

Traditional drug delivery formulations often result in a suboptimal drug concentration at the desired site 

with the consequence of an insufficient treatment. Micro- and nanotechnology is looked at as an 

extremely promising way to create new carriers to improve antibiotic treatments. New carriers have the 

potential to I) deliver adequate amounts of antibiotics to the site of biofilm, and II) penetrate the biofilm 

and kill the tolerant biofilm-embedded strains. In this way, one can achieve the same therapeutic effect 

with the use of less drug, ultimately reducing the dose-related toxicity and minimizing the risks of 

resistance development.  

Recently, microfabricated devices have been explored as oral drug delivery carriers controlling drug 

release and intestinal bioavailability. One type of microfabricated device is microcontainers. 

Microcontainers are cylindrical drug-reservoirs with a unidirectional opening. Interestingly, 

microcontainers have been shown to embed in the intestinal mucus. 

In this work, we explore the effect of embedment and localized delivery when using microcontainers for 

improved biofilm therapy. Antibiotics with different physiochemical and antibiofilm properties 

(ciprofloxacin, colistin and nisin) are loaded separately or together into microcontainers. Subsequent 

functionalization of the cavity of the microcontainers is completed with the use of various polymers aimed 

at realizing a mucoadhesive, release-controlling and/or biofilm-degrading effect (polyethylene glycol, 

Eudragit S100, and chitosan with or without N-acetylcysteine). The microcontainer properties are 

evaluated in vitro regarding drug loading capacity, morphology of polymer-functionalization, drug release 

and mucoadhesion. Furthermore, we address the performance of antibiotic-loaded microcontainers 

against planktonic and biofilm-associated Pseudomonas aeruginosa along with multispecies oral biofilms. 

The proof-of-concept results show that functionalized microcontainers provide prolonged ciprofloxacin 

release with a 3-fold higher local killing of P. aeruginosa compared to treatment with a single bolus dose. 

Moreover, they give rise to a bacterial killing similar to after constant perfusion of a 2.75 times higher 

concentration of solubilized antibiotic. Nisin release from chitosan-functionalized microcontainers occurs 

in a burst manner, resulting in a faster killing of multispecies oral biofilms than from a solution-based 

antibiotic treatment. 

Decreased biofilm susceptibility to antibiotics has been attributed to multiple factors, including difference 

in metabolic activity in the biofilm and obstruction of antibiotic penetration through the biofilm matrix. 

Therefore, we co-deliver antibiotics with different mechanism of action, targeting different 

subpopulations of a P. aeruginosa biofilm, using microcontainers. The co-delivery demonstrate synergistic 

activity superior to monotherapy, resulting in a complete eradication of planktonic bacterial populations. 

As a second approach, we functionalize the microcontainers with a mucoadhesive and mucolytic lid 
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consisting of chitosan and N-acetylcysteine, aimed to increase biofilm susceptibility to antibiotic therapy. 

To enable investigation of the functionalized microcontainers, we realize growth of mucin-embedded 

biofilm on a newly developed centrifugal microfluidic platform, mimicking part of the in vivo biofilm 

habitat. The results reveal large differences in the development of biofilms in the mucin-containing 

medium. The microcontainers functionalized with chitosan and N-acetylcysteine improve killing of 

mucin-embedded biofilm compared to chitosan-coated microcontainers or a bolus antibiotic injection. 

This effect we ascribe to the localized microcontainer-based delivery in combination with the proven 

mucoadhesive and biofilm-matrix degrading effects. 

This thesis highlights the use of a microdevice-based drug delivery system as a strategy for delivering high 

local concentrations of antibiotics ultimately improving the efficacy against bacteria enclosed in biofilms. 

Benefits and drawbacks of the microcontainers including future optimization strategies are discussed. 

Overall, the results are encouraging for further design of microdevices for antibiotic delivery. Thus, solving 

the unmet clinical need in the treatment of biofilm-associated infections.  
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RESUMÉ (DANISH) 

Kroniske infektioner skyldes ofte bakterier der vokser i en biofilm. I biofilmen er bakterierne beskyttet 

mod antibiotika og kroppens eget immunforsvar hvilket medfører, at antibiotika behandling ofte kun har 

en minimal effekt på infektionerne. Dette, sammen med den manglende udvikling af nye virksomme 

antibiotika, tydeliggør behovet for udvikling af nye innovative behandlingsstrategier, der kan optimere 

brugen af de allerede eksisterende antibiotika. Traditionelle systemer til levering af lægemidler resulterer 

ofte i suboptimale koncentrationer der hvor lægemidlet skal virke, hvilket har den konsekvens at 

behandlingen ikke lykkes. Mikro- og nanoteknologi anses som et lovende forskningsområde, der kan 

bruges til at opfinde nye leveringssystemer til at optimere antibiotika behandlingen. De nye 

leveringssystemer kan bruges til at I) opnå en tilstrækkelig høj koncentration af antibiotika i biofilmen og 

II) penetrere biofilmen og dermed slå bakterierne indeni ihjel. Ved at opnå den samme terapeutiske 

effekt, men ved brugen af mindre antibiotika, kan den dosisrelaterede toksicitet reduceres og risikoen for 

udvikling af resistens minimeres. 

Anvendelsen af mikrofabrikerede systemer til levering af antibiotika er i den seneste tid blevet undersøgt 

med den hensigt, at de kan kontrollere frigivelsen af lægemiddel og den intestinale biotilgængelighed. Et 

eksempel på et mikrofabrikeret system er mikrocontainere. Mikrocontainere er cylindriske beholdere 

med en åbning i den ene side til frigivelse af lægemiddel. Studier har vist at mikrocontainerne sætter sig 

fast i det slimlag af mucus som dækker tarmoverfladen. 

I denne afhandling undersøges det om mikrocontainere kan forbedre behandlingen af biofilm ved at 

hæfte sig til biofilmen og øge koncentrationen af antibiotika i biofilmen. Antibiotika med forskellige 

fysisk-kemiske og antibiofilm egenskaber (ciprofloxacin, colistin og nisin) blev fyldt i mikrocontainerne 

separat eller sammen. Derefter blev åbningen af mikrocontainerne overtrukket med forskellige 

polymerer, med det formål at opnå en mucoadhesiv, frigivelses-kontrolleret og/eller biofilm-

nedbrydende effekt (polyethylen glycol, Eudragit S100 samt chitosan med eller uden N-acetylcysteine). 

Mikrocontainerne blev evalueret in vitro i forhold til hvor meget antibiotika de kan indeholde, morfologien 

af polymer-overtrækket, lægemiddelfrigivelses-profilen samt deres adhæsion til mucus. Desuden blev 

effekten af antibiotika-påfyldte mikrocontainere på planktonisk og biofilm-indkapslet Pseudomonas 

aeruginosa samt orale biofilm indeholdende flere forskellige bakteriearter undersøgt.  

Resultaterne fra det initiale proof-of-concept studie viste, at de polymer-overtrukne mikrocontainere 

resulterede i forlænget frigivelse af ciprofloxacin og et 3 gange højere drab af P. aeruginosa sammenlignet 

med en enkelt bolus dosis. Derudover måltes et bakterielt drab svarende til en konstant perfusion af 2,75 

gange højere koncentration af antibiotika i opløsning. Frigivelse af nisin fra chitosan-overtrukne 

mikrocontainere skete med det samme og resulterede i et hurtigt drab af de forskellige bakterier i en oral 

biofilm sammenlignet med antibiotika behandling i opløsning.  

Biofilmens nedsatte følsomhed over for antibiotika er gennem tiden blevet tilskrevet forskellige årsager, 

blandt andet forskel i den metaboliske aktivitet i biofilmen samt hindring af antibiotika penetrering 

gennem biofilm-matriksen. Derfor blev mikrocontainerne fyldt med to typer af antibiotika, der hver især 



vi 
 

påvirker de forskellige subpopulationer i en P. aeruginosa biofilm. Den samtidige levering viste sig at være 

bedre end behandling med antibiotika hver for sig, da det resulterede i et fuldt drab af planktonisk 

P. aeruginosa. 

Som en anden strategi for at øge biofilmens modtagelighed overfor antibiotika, blev mikrocontainerne 

overtrukket med et mucoadhesivt og mucus-nedbrydende låg bestående af chitosan og N-acetylcysteine. 

En nyudviklet centrifugal mikrofluid platform blev anvendt til at gro biofilm sammen med mucin, der er 

hovedkomponenten i mucus. Ved at inkludere mucin kunne vi bedre efterligne det in vivo miljø som 

biofilmen vokser i og dermed opnå en mere korrekt evaluering af de overtrukne mikrocontainere. 

Resultaterne viste, at biofilmen udviklede sig forskelligt afhængig af koncentrationen af mucin. 

Mikrocontainerne, der var overtrukket med chitosan og N-acetylcysteine, forbedrede drabet af den 

mucin-indkapslede biofilm sammenlignet med mikrocontainere der kun var overtrukket med chitosan 

eller en bolus injektion af antibiotika i opløsning. Vi mener, at denne effekt skyldes den øget lokale 

levering af antibiotika opnået med mikrocontainerne samt den dokumenterede mucus og biofilm-

nedbrydende effekt af overtrækket. 

Denne PhD afhandling fremhæver brugen af et mikrofabrikeret system til at levere høje lokale 

koncentrationer af antibiotika og dermed forbedre effekten af antibiotika på bakterier i en biofilm. 

Fordele og ulemper ved mikrocontainerne bliver diskuteret sammen med flere optimeringsidéer. Samlet 

set er resultaterne i denne afhandling lovende og tilskynder yderligere design samt videreudvikling af 

mikrofabrikerede systemer til levering af antibiotika. Disse systemer kan potentielt set løse det kliniske 

behov der er for forbedring af biofilm-relaterede infektioner.  
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1 INTRODUCTION 

Bacterial infections represent one of the biggest human healthcare threats causing approximately 700,000 

deaths per year worldwide – a number that is predicted to grow up to 10 million by 2050, killing more 

people than currently dying from cancer [1]. The introduction of antibiotics in the mid-twentieth century 

was one of the most impactful interventions for human health and antibiotics have long been saving 

innumerable amounts of valuable lives. However, new antibiotics are now sparsely being developed, and 

meanwhile the acquisition of antibiotic resistance and tolerance is increasing with an alarming rate [2]. 

For this reason, novel strategies to treat bacterial infections are direly needed.  

Decades ago, it became clear that the predominant part of bacteria on earth do not grow as single cell 

cultures. Instead, they adhere to each other, or to surfaces, creating micro-communities known as 

biofilms [3]. These communities protect the bacteria with a self-produced matrix, house different species 

with different metabolic states, and possess a highly active cell-to-cell commination [4–6]. Biofilm 

formation is now recognized as a key virulence factor for chronic infections and, according to the 

US National Institutes of Health, they account for over 80 % of microbial infections in the body [7]. 

Biofilm-associated bacteria are less susceptible to most antibiotics, imposing great challenges for the use 

of traditional antibiotic delivery methods [8]. The decreased susceptibility has been attributed to multiple 

factors: I) the matrix can impede drug penetration or cause drug inactivation, II) tolerant or persister cells 

may develop, and III) the fact that many bacteria within the biofilm do not metabolize and replicate 

sufficiently for the antibiotics to function effectively [3,7,9–11]. 

Traditional drug delivery often results in suboptimal concentration of drugs at the desired site with the 

consequence of an insufficient treatment. However, increasing the antibiotic dose can cause side effects 

and worsen antibiotic resistance. Antibiotic delivery systems, providing high local drug concentrations at 

the site of biofilm infection, have been suggested to overcome the limits of traditional antibiotic-based 

antimicrobial strategies against bacterial biofilms [8]. Micro- and nanotechnology present extremely 

promising ways to create antibiotic delivery systems. The encapsulation of antibiotics into particles have 

been widely studied to deliver a sufficient amount of antibiotics to the biofilm, while at the same time 

overcoming the problem of antibiotic deactivation and allowing drug penetration through the dense 

biofilm/mucus mesh to reach the bacterial colonies [12]. Delivering the antibiotic to the site of infection 

can reduce the dose-related toxicity, and using less drug while achieving the same therapeutic efficacy 

may ultimately alleviate resistance development. 
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1.1 HYPOTHESIS AND AIMS 

It is hypothesized that drug delivery devices, known as microcontainers (MCs), used for antibiotic 

encapsulation, will improve the treatment of in vitro biofilms by delivering high local drug concentrations 

to the biofilm.  

To support this hypothesis, the overall aim of this work was to develop, characterize and evaluate 

antibiotic-loaded polymer-coated MCs for their effect on bacterial biofilms. The project was divided into 

four parts with the following study aims: 

I) To conduct a proof-of-concept study assessing the in vitro performance of MCs on planktonic 

bacteria and mature Pseudomonas aeruginosa biofilm 

II) To realize and test MC-based co-delivery of synergistic antibiotics to P. aeruginosa biofilm 

III) To design and study a combined mucoadhesive and mucolytic functionalization of MCs for 

improving the treatment of mucin-embedded P. aeruginosa biofilm 

IV) To assess and evaluate the potential of using MCs for treatment of oral multispecies biofilm 

 

1.2 OUTLINE OF THE THESIS 

The main results obtained during this PhD project are presented through four original research papers 

(Paper II-V) as illustrated in the overview (Figure 1). In addition, a review (Paper I) presents and discusses 

polymeric nano- and microparticulate drug delivery systems for treatment of biofilms. Paper I will not be 

discussed in the PhD thesis, but few selected topics are included in the background section. 

The following background section, introduces the concept of biofilms, provides an overview of the causes 

of biofilm development and their related tolerance towards antibiotics, along with strategies in 

combatting biofilms. Furthermore, a short summary of available drug delivery systems for biofilm 

treatment is provided and the concept of microdevices is introduced.   

In Paper II, antibiotic-loaded MCs are functionalized with various polymeric lids and the efficacy is 

assessed towards planktonic cultures and mature P. aeruginosa biofilms. In Paper III, MCs were co-loaded 

with two antibiotics with synergistic activity towards P. aeruginosa in order to address subpopulations 

not affected in Paper II. In Paper IV, the MCs were further modified with a mucolytic coating aimed to 

disrupt a mucus-embedded biofilm. Lastly, in Paper V, the potential of using MCs for treating oral biofilms 

was investigated through adhesion studies on buccal mucosa as well as treatment of oral multispecies 

biofilms isolated from patients.  
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Figure 1. Schematic overview of the thesis outline. The potential of using microcontainers (MCs) for improving biofilm 
treatment was investigated in a proof-of-concept study on P. aeruginosa biofilm, focusing on different polymeric 
functionalizations of the MCs (Paper II). In Paper III, we studied the possibility and effect of co-loading MCs with two 
antibiotics working synergistically on P. aeruginosa biofilm. In Paper IV, a mucolytic agent was incorporated into the 
polymeric coating, and to allow investigation of the efficacy, a centrifugal microfluidic platform to grow P. aeruginosa 
within mucus was developed. Lastly, in Paper V, the activity of MCs on oral multispecies biofilm was assessed together 
with adhesion studies on oral buccal mucosa.  
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2 BACKGROUND 

2.1 BIOFILMS 

Bacterial growth is characterized by two forms of lifestyles, one being single planktonic cells and the other 

being sessile aggregates, commonly referred to as biofilm [13]. Until the late 1970s, microbiologists 

perceived bacteria as being purely free-flowing single cells and based their entire research on this 

perception. This may seem peculiar today, as it was later estimated that less than 0.1 % of the total 

microbial biomass lives as planktonic single cells [9,14]. The first medical observation of clumps or 

aggregates of bacteria were published by Høiby and co-authors in 1977, studying the sputum from the 

lungs of cystic fibrosis patients [15]. The term ‘biofilm’ was introduced by one of the biofilm-pioneers 

Costerton in 1978 [16], and in 1999, it was defined as ‘a structured community of bacterial cells enclosed 

in a self-produced polymeric matrix, adherent to a surface’ [4]. After decades of research, the scientific 

community became aware that bacteria, including the pathogenic ones, mostly grow in structured 

consortia, highly changing the way we perceive bacteria and their associated infections. The amount of 

publications on biofilms has drastically increased ever since. Many divergent definitions of bacterial 

biofilms have been published and the term is constantly being refined to accommodate new knowledge, 

yet, all agreeing that biofilms are aggregates of bacteria adhering to each other and/or to surfaces. 

2.1.1. BIOFILM DEVELOPMENT AND THEIR COMPOSITION 

The switch from the solitary planktonic bacterial lifestyle to the communal biofilm way of life occurs in 

response to a variety of environmental stress signals. This includes changes in the availability of nutrients 

or oxygen, fluctuations in temperature, osmolarity, and pH, along with the presence of toxic components 

as for example antimicrobials [17]. The development process has been described as a complex and highly 

regulated process, involving five phenotypically distinct stages (Figure 2) [7,17,18]. It is initiated by a 

reversible attachment of single microbes to a surface or to other microbes (step 1), a process that 

implicates the use of their motility structures i.e. their flagella and pili [9,19]. After adhesion, the 

attachment becomes irreversible which coincides with the loss of their motility, and the production of 

biofilm matrix components is initiated (step 2). The clusters of cells develop, become thickened and highly 

embedded in the self-produced matrix (step 3). Biofilms then fully mature into large clusters reaching 

their maximum thickness (step 4). Thereafter, the biofilm life cycle continues as the biofilms disperse with 

cells evacuating from the interior of the cell clusters, spreading to colonize elsewhere (step 5). 
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Figure 2. Stages of biofilm development. Planktonic bacteria adhere to a substratum, being either a surface or other 
cells (1). The attachment becomes irreversible and the production of biofilm matrix components is initiated (2). The 
clusters increase in size (3) until they reach their maximum thickness (4). The biofilm life cycle continues as the biofilm 
cells disperse and spread to form biofilms in new areas (5) [20]. The stages of biofilm formation are paired with a 
photomicrograph of a developing P. aeruginosa PAO1 biofilm. Scale bars: 10 µm [21]. Reprinted/adapted with 
permission from Springer Nature [20] and American Society for Microbiology [21]. 

The biofilm matrix, in which the cells reside, consist of different biopolymers also known as extracellular 

polymeric substances (EPS). Its composition varies depending on the species in the biofilm, but the main 

components include gel-forming polysaccharides, proteins, and extracellular DNA (eDNA) (Figure 3) [22–

24]. These constituents form the scaffold of the three-dimensional architecture of the biofilm and are 

responsible for the adhesion to a surface, the cohesion in the biofilm, and the associated mechanical 

stability [13,24]. Host-derived molecules such as mucus are also included in the EPS matrix [9]. In most 

biofilms, the microbes actually constitute less than 10 % of the dry mass, whereas the matrix components 

account for over 90 % [13,24]. 

Being a part of a biofilm is advantageous for the bacteria as the attachment to surfaces prevents removal 

by fluid flow [25]. Furthermore, the EPS shields the embedded bacteria from the external environment 

thereby, protecting against toxic agents such as the host immune defense and antibiotic therapy [26]. 

Bacteria within a biofilm corporate closely and communicate using a phenomenon known as quorum 

sensing [27], in which intra- and extracellular signal molecules up-or downregulate biofilm formation and 

development [28]. When the number of biofilm layers increase, gradients of nutrients and oxygen 
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establish, providing different localized habitats (Figure 3). The bacteria in the inner core of the biofilm 

typically have a lowered metabolic activity as their access to nutrients and oxygen is limited [29,30]. The 

opposite accounts for the metabolically active bacteria residing on the outer edge of the biofilm, as 

oxygen and nutrient levels are high. Therefore, EPS formation favors an altered gene expression with 

phenotypic differentiations in order for the bacteria to survive in various microenvironments [3].  

 

Figure 3. Biofilm composition and its heterogeneities. A) Biofilms are made of bacteria surrounded by a matrix (EPS) 
consisting of polysaccharides, proteins, extracellular DNA (eDNA), and other macromolecules that contributes to the 
structural stability of the biofilm. B) EPS formation leads to establishment of gradients that provide different localized 
habitats at a small scale. Bacteria, in the inner core of the biofilm, do not have access to nutrients and oxygen, and 
their proliferation is consequentially halted resulting in dormant cells. On the contrary, the environment of the outer 
edge-liquid interface is abundant in oxygen and nutrients translating into metabolically active cells. Proximity to a 
water channel may, however, provide oxygen and nutrients to certain areas within the biofilm. Reprinted/adapted 
with permission from Springer Nature [31]. 

2.1.2. BIOFILM-ASSOCIATED INFECTIONS 

The ability of biofilm-embedded bacteria to withstand the host immune defense and the action of 

antibiotics presents a substantial challenge for clinicians trying to cure infections. Meanwhile, the number 

of diseases discovered to be implicated by biofilm is only growing every single year [9]. Most medical 

important microorganisms can grow in biofilms, including both Gram-positive or Gram-negative bacteria 

as well as the aerobic or anaerobic ones [9]. The sessile communities of bacteria attach to and establish 

on a variety of biological surfaces such as in cutaneous wounds [32,33], the oral cavity [34,35], the ears 

[36,37], the urinary tract [38] as well as the gastrointestinal tract [39], but also attach to each other 

forming bacterial clusters as for example in the airways of cystic fibrosis patients [26,40]. Moreover, 

biofilms can in principle form on any type of foreign object inserted into the human body such as on 

catheters, bone implants, and heart valves [9,41]. The host immune system might be capable of clearing 

the initial infection in a limited amount of cases, however, if not, persistent bacterial infections start to 

evolve [4]. Immunocompromised patients, i.e. individuals undergoing chemotherapy [42] or suffering 

from diseases like diabetes mellitus [43] or cystic fibrosis [44], are particularly prone to become infected. 
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Colonization of pathogenic bacteria in the oral cavity is responsible for the development of some of the 

most prevalent oral infections such as periodontal disease and dental carries [45]. Microbes of the genus 

Streptococcus and Actinomyces act as the earliest colonizers, and they are able to bind directly to 

components in the salivary pellicle initiating biofilm formation [35,45]. Afterwards a wide variety of strains 

establish, including Porphyromonas gingivalis and Fusobacterium nucleatum, allowing the formation of a 

dense multispecies oral biofilm [35].  

Alterations of the gastrointestinal microbiota may also promote the outgrowth of a thick dense 

pathogenic biofilm [46,47]. The protective biofilm microenvironment promotes the escape from the host 

defense mechanisms. This may further aggravate into various gastrointestinal diseases including 

inflammatory bowel disease, colon cancer, gastric cancer, gastroenteritis, and irritable bowel syndrome 

[47,48]. For example, in inflammatory bowel disease the mean density of the mucosal biofilm was two 

powers higher than in healthy individuals [49]. In general, the strains Fusobacterium nucleatum, 

Escherichia coli, and Helicobacter pylori are known to cause gastrointestinal diseases in the form of 

invasive biofilms [46]. Figure 4 shows selected human biofilm-associated infections together the major 

causal pathogenic species. 

 

Figure 4. Representation of selected human biofilm-associated infections and the major causal pathogenic species. 
Medical device-associated biofilms are not included. Illustration was created based on [2,35,46–48,50] and with 
figures adapted from Servier Medical Art by Servier and licensed under a CreativeCommons Attribution 3.0.  
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In this thesis, the primary focus has been on P. aeruginosa - an opportunistic pathogen considered as one 

of the most critical super bugs associated with high levels of morbidity and mortality [51]. P. aeruginosa 

is a Gram-negative rod-shaped bacillus measuring 0.5-0.8 μm by 1.5-3.0 μm [52]. It is motile by means of 

its flagella, and its pili aid bacterial attachment promoting colonization [52]. It is highly versatile and can 

thrive in a wide range of ecological niches including soil or marine habitats [53]. In the majority of 

P. aeruginosa infections, the biofilm lifestyle predominates [54]. P. aeruginosa is responsible for a wide 

range of clinical manifestations, including pneumonia, urinary tract infections, chronic wounds, and 

bacteremia [42,55]. The accumulation of thick, sticky mucus and the consequently impaired mucociliary 

clearance, seen in patients suffering from cystic fibrosis, promotes P. aeruginosa infections, among many 

other infections [40]. P. aeruginosa can also cause serious intestinal infections, where, for example, it has 

been isolated from patient suffering from inflammatory bowel disease or cancer [56,57]. Interestingly, 

some consider the gastrointestinal tract to be an important reservoir for P. aeruginosa as the presence in 

the intestines is responsible for increased mortality in gut-derived sepsis and bacteremia and facilitates 

hematogenous spread of infection to others organs such as the lungs [57]. The biofilm of P. aeruginosa is 

one of the most well-studied and is a commonly used model microorganisms for assessment of biofilm 

treatments. Moreover, P. aeruginosa is classified as one of six ESKAPE nosocomial pathogens that 

causes the majority of hospital-acquired infections exhibiting multidrug resistance and constituting 

a major healthcare problem [58]. Further, the World Health Organization included P. aeruginosa as one 

of three pathogens on their global priority list of antibiotic-resistant bacteria, promoting the need 

for novel treatment strategies [59].
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2.2 ANTIBIOTIC THERAPY 

Antibiotics have been used as the major weapon against bacterial infection since Alexander Flemming 

discovered penicillin in 1928 [60]. For several decades, they have saved numerous lives by controlling 

infectious diseases that have long been the leading cause of human morbidity and mortality [60]. 

Originally, antibiotics were produced by other microorganisms, yet, nowadays most are manufactured 

using synthetic techniques [61].  

The cell wall composition varies whether the bacterium is Gram-positive or Gram-negative (Figure 5). 

The Gram-negative bacterium (e.g. P. aeruginosa) has an inner and an outer membrane, whereas the 

Gram-positive bacterium (e.g. Staphylococcus aureus) contains a thick peptidoglycan layer on the outside 

of the cell instead of the outer membrane. The structure of the cell membrane highly influences the 

efficacy of different antibiotics towards the two types of bacteria. 

 

Figure 5. Cell wall structure of the Gram-negative and Gram-positive bacterium, together with an overview of the 
most common cellular targets for antibiotic therapy, their associated antibiotic classes, and examples of these. The 
Gram-negative bacterium consists of a thin peptidoglycan layer in the periplasmic space in between the inner and 
outer lipid membranes. The outer membrane contains lipopolysaccharides (LPS). The Gram-positive bacterium has a 
single lipid membrane surrounded by a thick peptidoglycan cell wall. Drawing is not to scale. Schematic was created 
with inspiration from [62], and using figures adapted from Servier Medical Art by Servier and licensed under a 
CreativeCommons Attribution 3.0. 

Antibiotics are classified according to their molecular structures, mode of action, and spectrum of 

activity [61]. Those that kill bacteria are termed bactericidal, while those that inhibit bacterial growth are 

bacteriostatic. They interfere with specific cellular targets responsible for bacterial proliferation and 

reproduction such as the cell wall synthesis, protein synthesis, synthesis of deoxyribonucleic acids (DNA), 

or the cell membrane/wall function (Figure 5). Some common antibiotics include the β-lactams, 
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macrolides, tetracyclines, quinolones, aminoglycosides, and polymyxins [61]. In the following section, the 

focus will be on the antibiotics applied in this PhD thesis: Ciprofloxacin (fluoroquinolone), colistin 

(polymyxin), and nisin (lantibiotic). 

Fluoroquinolones are broad-spectrum antibacterial agents that are extensively used for treatment of 

infections [63]. Ciprofloxacin (Figure 6) is a fluoroquinolone with great activity against a wide range of 

Gram-negative and Gram-positive bacteria including P. aeruginosa and S. aureus, that are associated with 

debilitating infections of the lung [64,65], in wounds [66], in the eyes, and ears [67]. Ciprofloxacin has pKa 

values of about 6.2 and 8.8 [68]. This means that ciprofloxacin is practically insoluble in water 

(0.080 mg/mL at 30 °C [69]) as neutral pH is around the isoelectric point, affecting drug release and 

uptake. Therefore, it is often used as the corresponding hydrochloride salt. Different solubilities have been 

reported in the literature ranging from 0.17-30 mg/mL depending on buffer and temperature [70–72]. 

Ciprofloxacin is primarily bacteriostatic, however, high doses can result in double-strand DNA breaks and 

thus, a bactericidal activity [67,73]. The bacteriostatic mode of action of ciprofloxacin involves 

interferences with DNA replication by noncovalent binding to the DNA gyrase and topoisomerase IV 

enzymes, thus inhibiting cellular division [63,67]. Therefore, the activity of ciprofloxacin is greater on 

actively dividing cells than on the non-growing dormant ones [3]. 

 

Figure 6. Molecular structures of antibiotics applied in this PhD thesis: Ciprofloxacin (fluoroquinolone), colistin 
(polymyxin), and nisin (lantibiotic). 

With the progressive development of antibiotic resistance, much hope is focused on antimicrobial 

peptides (AMPs) due to their potency and lower stimulation of bacterial resistance. AMPs are an 

important component of our innate immune system and is, therefore, a natural alternative to the 

traditional antibiotics [74]. Generally, AMPs have a net positive charge and contain 10-50 amino acid 

residues of which approximately half are hydrophilic [75]. The amphipathic nature of the AMPs is believed 
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to facilitate electrostatic interactions with the negatively charged bacterial membranes, thus causing 

perturbation of the lipid bilayer [74]. 

Colistin (Figure 6) is a cyclic cationic decapeptide linked to a fatty acid side chain and belongs to the group 

of polymyxins [76]. Colistin is an old-class AMP, whose use was for long halted as it showed severe 

nephrotoxicity. Yet, the rapid increase in the prevalence of Gram-negative bacteria that are resistant to 

β-lactams, fluoroquinolones, and aminoglycosides has driven colistin’s revival as a last line defense against 

severe Gram-negative infections [77–79]. For clinical use, colistin is available either as a sulfate salt 

(as applied in this thesis) delivered orally, or as the pro-drug colistimethate sodium, which is injected or 

inhaled [79]. Colistimethate sodium has a lower toxicity but no intrinsic antibacterial activity as it needs 

to be hydrolyzed in vivo into the active form [80]. The sulfate salt of colistin has a high aqueous solubility 

(50 mg/mL [81]) and is polycationic at physiological pH with a pKa of 10 [82]. Lipopolysaccharides (LPS) 

found on the outer membrane of Gram-negative bacteria are responsible for cell membrane integrity and 

stability. Colistin binds to the lipid A component in the LPS by electrostatic interactions, mainly displacing 

Ca2+ and Mg2+ ions, and thereby drastically decreasing the stability of the outer membrane. The 

permeability of the cytoplasmic membrane is increased, leading to a loss of cellular components which 

culminates into bacterial cell death [79,83]. Colistin is therefore bactericidal in nature [79]. 

Nisin (Figure 6) is a member of the lantibiotic family of AMPs exhibiting high potency against many 

Gram-positive bacteria including staphylococci, bacilli and clostridia. In contrast, the antimicrobial activity 

against Gram-negative bacteria is limited as the outer lipid membrane shields the cytoplasmic 

peptidoglycan membrane [84]. Nisin is used world-wide as a food preservative [85–87]. The solubility at 

physiological pH in phosphate buffer is 10-20 mg/mL [88]. Nisin alters the structure of the cellular wall by 

formation of pores and prevention of peptidoglycan synthesis, ultimately leading to efflux of cellular 

components and cellular death [87,89]. Researchers have shown promising results for the use of nisin to 

treat bacterial infections, including S. aureus infections in atopic dermatitis [90], and respiratory tract 

infections [91] as well as saliva-derived multispecies biofilm [87]. 

In general, low metabolic cellular processes impair the efficacy of many antibiotics i.e. a low protein 

synthesis alters the effect of the aminoglycosides, a low DNA synthesis impairs the effect of the 

quinolones and low peptidoglycan production decreases the effect of β-lactams [11]. Studies have shown 

that spatially distinct subpopulations of metabolically active cells in the outer part of P. aeruginosa 

biofilms, classified as the cap-forming subpopulation, is able to develop phenotypic tolerance to 

colistin [76]. This is in contrast to the cells found in the core of the biofilm, that exhibit low metabolic 

activity and which are killed by colistin [76,92]. Other antibiotics, like ciprofloxacin and tetracycline, 

specifically kill the subpopulation of metabolically active biofilm cells, whereas the dormant 

subpopulation survives treatment [92]. Combining colistin treatment with tetracycline or ciprofloxacin, 

targeting the two distinct subpopulations has shown to almost completely eradicate all biofilm-associated 

cells (Figure 7) [92]. Colistin has also shown attractive synergistic antimicrobial activates against 

P. aeruginosa when combined with other antibiotics such as azithromycin [93] and rifampicin [94]. 
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Figure 7. Targeting distinct subpopulation in a P. aeruginosa biofilm by single or combined antibiotic treatment. 
Biofilms were grown for 4 days and afterwards continuously exposed for 24 h to either A) propidium iodide as control, 
or B-F) 60 µg/ml ciprofloxacin, 200 µg/ml tetracycline, and/or 25 µg/ml colistin in different combinations together 
with propidium iodide. P. aeruginosa PAO1 was tagged with a green fluorescent protein (GFP) to allow visualization 
of live cells, and dead cells were visualized using propidium iodide. The confocal micrographs show a horizontal 
section with two images (to the right and at the bottom) representing the x-z and y-z planes. Scale bars: 50 µm. 
Reprinted/adapted with permission from John Wiley and Sons [92]. 

2.2.1. BIOFILM TOLERANCE TO ANTIBIOTICS 

The problem of antibiotic resistance due to genetic mutated bacterial strains is not the only problem that 

hampers infection control. The second, still unsolved problem in the control of human bacterial infections 

is the poor activity of antibiotics on biofilm-associated infections. The definition ‘tolerance’ should not be 

mistaken with ‘resistance’. Resistance describes the inherited ability of bacteria to survive killing by 

antibiotics or the host immune system [95]. In contrast, tolerance is the ability of cells to survive without 

using genetic mutation mechanisms and it is therefore a phenotypical phenomenon [96,97]. Tolerant 

bacteria cease growing in the presence of antibiotics, however, they do survive and can initiate cellular 

division once the antibiotic therapy is removed [98]. Moreover, tolerant bacteria may survive antibiotic 

treatment in a biofilm, but if they disperse from the biofilm, and become single cells, their susceptibility 

to antibiotics is restored [95]. The development of tolerance takes time, but once established 

biofilm-associated bacteria present a 10-1,000 fold increased tolerance towards antibiotic treatment 

compared to their planktonic counterparts [7,99].  

The tolerance of biofilm-associated bacteria to antibiotics is a multifactorial issue caused by both physical, 

physiological and adaptive matters [7,9]. Several factors have been suggested to account for this 

tolerance [3,7,9–11], including: 

I) The physical presence of the EPS matrix that limits the penetration of antibiotics and in 

which enzymatic inactivation may occur, 

II) The reduced metabolic growth rates in the biofilm due to oxygen and nutrient gradients 

inducing the dormancy state, 

III) The development of persister cells. 
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The biofilm mode of growth also promotes the occurrence of genetic mutations and cell-to-cell 

communication is increased [9,100]. Genes coding for resistance to antibiotics can pass horizontally from 

one bacterium to another due to their close proximity in the biofilm matrix, hence spreading resistance 

to other subpopulations [9]. The comprehensive signaling network, quorum sensing, allows coordination 

of the phenotypic expressions in response to changes in the population density [28]. 

The EPS matrix, in which the bacteria are deeply embedded, constitutes a physical barrier that the 

antibiotics need to diffuse through. Restricted antibiotic penetration may occur in cases where the 

antibiotic binds to components of the EPS matrix [10], such as alginate or eDNA [101,102]. Especially 

cationic antibiotics have shown restricted penetration in P. aeruginosa biofilms [103,104]. It is the general 

consensus that reduced diffusion through the biofilm primarily provides short-term protective effects 

against antibiotics and does not have a substantial role during long-term treatment [9]. However, it has 

been suggested that the slow diffusion of antibiotics permit plenty of time for the bacteria to evoke 

alternative protective responses adopting to a more tolerant state [99,105]. Additionally, biofilms most 

often reside in environments where the negatively charged mucus is also present. This is especially an 

issue in cystic fibrosis patients that have a genetic mutation causing an abnormal expression of chloride 

channels. This results in a thick viscous mucus covering their epithelial surfaces, such as the 

gastrointestinal tract and the lungs [106]. The mucus serves as an ideal environment for the colonization 

of bacteria with alterations of the normal microbiome and secondary development of chronic 

inflammation [106]. Mucus influences bacterial communication and motility, which play important roles 

in biofilm formation [107]. Moreover, the mucus layer adds an additional barrier limiting drug penetration 

by entrapping the molecules within and is therefore an important factor to account for in the design of 

in vitro biofilm models [103,108]. As for example, aminoglycosides have shown slow penetration through 

both mucus and biofilms due to electrostatic interactions [102,103]. Also, enzymes present in the biofilm 

matrix can inactivate or neutralize certain antibiotics. This has been shown for especially β-lactams, where 

induction of β-lactamase transcription in response to the presence of the antibiotic have been reported. 

The enzyme inactivates the antibiotic while penetrating through the biofilm layers [109]. This induction is 

an example of an antibiotic-specific adaptive tolerance mechanism.  

Differential physiological activity of the bacteria in biofilms can also be an underlying cause of 

biofilm-associated antibiotic tolerance. As previously mentioned, biofilms are subject to oxygen and 

nutrient gradients creating subpopulations within the biofilm that are more or less susceptible to 

antibiotic therapy. Especially, the slow-growing or non-dividing populations found in the core of the 

biofilms display increased tolerance to most common antibiotics, as they often target cellular processes 

that occur in a growing bacteria such as replication or cell wall synthesis [92]. Therefore, the presence of 

metabolically inactive biofilm cells is a major factor contributing to the biofilm tolerance, and a 

combination of antibiotics targeting both the metabolically active and inactive subpopulations are needed 

for effective treatment [92]. 
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Development of persister cells also contribute to the antibiotic tolerance of the biofilms [96]. The fraction 

of persister cells is usually low (typically less than 1 %) and they should be distinguished from the 

antibiotic-resistant mutants and the bulk subpopulation of metabolically inactive cells in the core of 

biofilms [95,96]. Persisters do not grow in the presence of antibiotics. Instead, they remain dormant 

during antibiotic exposure but retain the capacity to proliferate when antibiotic concentrations 

drops [110,111]. Therefore, persisters serve as a reservoir of surviving pathogens that are responsible for 

recurrent biofilm infections and therapeutic failures. The mechanism that underlies the formation of 

persisters remains to be solved [96]. However, it has been suggested that the persister cells form in 

response to the same stress factors that also promote biofilm formation, like starvation, changed 

temperatures along with exposure to low concentrations of antibiotics [95,96,112]. 

2.2.2. TARGETING MICROBIAL BIOFILMS 

Different strategies can be applied for biofilm treatment, targeting one or more of the above mentioned 

tolerance mechanisms. As shown in Figure 8, biofilm control can be achieved by: 

I) Preventing initial adhesion of bacteria to surfaces and reduce the planktonic population 

before biofilm establishment, 

II) Through removal of preformed biofilms by weakening, disruption or a direct killing. 

In the early phase of biofilm development, the bacteria are more susceptible to antibiotic therapy, but as 

soon as a mature biofilm is established they become difficult to eradicate. Therefore, it is desirable to 

treat infections as early as possible to avoid bacterial aggregation and at a point where the host immune 

defense is capable of phagocytosing the remaining fraction of bacteria [9]. However, biofilms, at an initial 

stage, generate very little inflammation and are therefore most often impossible to detect. This is why 

preventive approaches have become popular with a prophylactic treatment of biofilm formation on 

implants or catheters [9]. These can be coated or impregnated with antimicrobials for prevention, thereby 

achieving higher localized antibiotic concentrations for longer periods of time compared to a systemic 

administration [8,113–115]. 

Eradication of already established biofilms can be achieved by a physical removal of the biofilm. This may 

be achieved by using mechanical, energy-based, or light-based disruption [8]. Moreover, biofilms can be 

eradicated by targeting vital structural and functional traits in the microbial biofilm including degradation 

of the EPS matrix, targeting the social communication within the biofilm or targeting the unique biofilm 

microenvironment, and elimination of the dormant cells [8]. 
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Figure 8. Anti-biofilm strategies. The blue circle represents susceptible bacteria and the red cycle represent tolerant 
bacteria. The large light blue circle indicates the matrix of mature biofilms. Abbreviations: Cyclic diguanosine‑5′-
monophosphate (c‑di‑GMP); pharmacokinetics/pharmacodynamics (PK/PD). Reprinted/adapted with permission 
from Springer Nature [9]. 

Recent approaches include targeting of the EPS matrix, either by disrupting its synthesis, targeting the 

chemical components within or inducing EPS dispersal [8]. Although, one should consider the variability 

in the composition of the EPS matrix of biofilms of different bacterial species which provides an extra 

complexity to the development of EPS-targeting therapies [8]. Researchers have identified several 

signaling networks that promote EPS synthesis and constitute possible targets. An example is the second 

messenger cyclic-di-GMP, that governs the transition from the planktonic state to biofilm formation [116]. 

Molecules that bind or regulate free cyclic-di-GMP (such as diguanyl cyclase and phosphodiesterase) are 

potential EPS dispersing agents [8,116]. In general, quorum sensing also constitutes a possible target for 

biofilm treatment as this communication network is tightly linked to the stabilization of biofilms [117]. 

Researchers are still trying to understand the complex phenomenon of quorum sensing. Meanwhile, 

several studies have highlighted the beneficial effects of quorum sensing inhibitors, targeting the cell-to-

cell communication instead of intracellular processes [117,118].  

Matrix-degrading enzymes can help to disperse the bacteria within the biofilm by changing the viscoelastic 

properties of the EPS and ultimately lead to a more effective killing when combined with antibiotic 

treatment. Enzymes that degrade the polysaccharides in the EPS have gained interest, for example the 

glycoside hydrolase dispersin b that was found to induce biofilm disassembly in several bacterial species 

such as Staphylococcus epidermidis and E. coli [8,20,119]. The polysaccharide alginate also constitutes a 

major part of especially mucoid biofilms [44]. Degradation of alginate has been achieved by alginate lyase, 

thus rendering the biofilm-associated bacteria more susceptible to the antibiotic treatment. For example, 

co-administration of alginate lyase with gentamicin or ciprofloxacin increased the killing of mucoid 

P. aeruginosa [101,120,121]. Another main component of the EPS matrix is the eDNA that contributes to 
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the structural integrity of the biofilm [23]. Likewise, treating biofilms with the enzyme DNase has shown 

effective to release large amounts of biomass in various biofilm-forming species including 

P. aeruginosa [20,23]. However, the effectiveness of using DNase therapy seems to be limited to younger 

biofilms, owing to the fact that mature biofilms contain increasing amount of extracellular material other 

than eDNA affecting the recalcitrance [23]. 

The glycoprotein, mucin, constitutes another possible target for improving the treatment of biofilms. 

Mucins are the major structural and functional component of mucus and is responsible for the associated 

viscoelastic hydrogel properties [122]. The mucolytic agent, N-acetylcysteine (NAC), has been applied to 

decrease the viscosity of the highly cross-linked mucins [123]. NAC interacts with sulfhydryl groups, 

disrupting the disulfide bindings in the mucin proteins, thus reducing the viscosity of the mucus 

(Figure 9) [124,125]. Therefore, it is used to loosen the thick mucus e.g. in the lungs of cystic fibrosis 

patients [126]. Interestingly, NAC has also shown to possess antibacterial properties against both 

Gram-positive and Gram-negative bacteria [124,127,128], yet, the mechanism still remains to be fully 

clarified [129]. It has proven to be beneficial in inhibiting biofilm adherence and development as well as 

in disrupting preformed P. aeruginosa biofilms [123,124,127,129,130]. Combining antibiotics with NAC 

for efficient therapy has recently been done in spray dried powder for inhalation, finding that 

co-treatment with azithromycin, tobramycin or ciprofloxacin conserved or improved the inhibition of 

P. aeruginosa biofilms [131].  

 

Figure 9. Mechanism of action of the mucolytic activity of N-acetylcysteine (NAC). Schematic was created with 
inspiration from [125]. 

A last strategy, aiming to kill all the bacteria in the biofilm, is to use synergistic antibiotics targeting the 

different subpopulations present in the biofilm [92]. Also, using AMPs represents an attractive approach 

in treatment of biofilms offering great advantages as an alternative to the traditional antibiotics. Their 

pore-forming activity can target metabolic active cells in addition to dormant cells, resulting in rapid 

bacterial killing, which might reduce the potential of the bacteria to develop resistance [8,132]. 

  



17 
 

2.3 DRUG DELIVERY SYSTEMS FOR BIOFILM TREATMENT 

A large therapeutic dose of antibiotic is usually needed to directly kill the bacteria, because of the high 

tolerance of biofilm towards these. This leads to an enlarged risk of systemic toxicity when using 

traditional drug delivery methods, such as tablets, powders or solutions to deliver the therapeutic 

compound for example orally, by inhalation or by injection [12,133]. By these means, many side effects 

have been reported such as allergic reactions, hepatotoxicity, and nephrotoxicity as well as damage of the 

otherwise healthy commensal microbiota [12]. One of the major challenges of these conventional 

formulations is that the antibiotic may be cleared away too quickly, as for example by the peristaltic 

movements of the intestines or mucociliary clearance in the lungs. This will limit the time in which the 

drug remains at a concentration above the effective minimal inhibitory concentration (MIC) at the site of 

infection. To increase the therapeutic efficacy, modern drug delivery systems, such as particulates 

encapsulating the antibiotics, play an important role providing a controlled antibiotic delivery to target 

sites of the body at an optimal rate and in a concentration within the therapeutic range [134]. 

Several drug delivery systems have been developed over the years (Figure 10). Inorganic carriers made of 

mesoporous silica have attracted attention as potential delivery systems of antibiotics as they can provide 

protection and prevent aggregation, control drug release, and reduce toxicity [134]. Mesoporous silica 

nanoparticles (MSNs) have well-defined pores capable of storing antibiotics. They display good chemical 

stability with a stable frame structure and a tunable surface chemistry [135]. Antibiotic loading efficiencies 

are high and mostly impacted by the electrostatic double-layer interaction between the antibiotics and 

the silica surface. Inadvertent release of drug from MSNs can be prevented by chemically conjugating the 

antibiotics to the MSNs, which can additionally increase the loading efficiency [2]. Nitric oxide-releasing 

MSNs showed more than 99 % killing of P. aeruginosa, with smaller particles sizes (50 nm) exhibiting 

superior eradication compared to larger ones (100-200 nm) [136]. In another study, a high therapeutic 

activity of lysozyme-loaded MSNs was observed towards E. coli biofilms compared to the bulk counterpart 

and, at the same time, a high lysozyme loading (350 mg/g particle) was achieved [135]. 

 
Figure 10. Selected particulates for drug delivery. A) Hollow mesoporous silica nanoparticles (MSNs) (imaged with 
TEM [135]). B) Liposomes (imaged with cryo-TEM [137]). C) Solid lipid nanoparticles (imaged with SEM [138]). 
D) Chitosan nanoparticles (imaged with SEM) [139]. Micrographs are reprinted/adapted with permission from Royal 
Society of Chemistry [135] and Springer Nature [137–139]. 
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Lipid-based drug delivery carriers, i.e. liposomes, micelles, and solid lipid nanoparticles (SLNs), have been 

suggested as attractive antibiotic carriers due to their versatility and biocompatibility [134,140–143]. 

Liposomes are physiologically compatible vesicles composed of one or more phospholipid bilayers. 

Hydrophilic drugs can be encapsulated within the aqueous core, whereas lipophilic drugs can be 

incorporated into the phospholipid bilayer(s). They have the unique property of fusing with bacterial 

phospholipid bilayers, creating channels to release their antibiotic cargo directly into the intracellular 

space of the bacterium yielding superior killing of many Gram-positive and Gram-negative 

biofilm-embedded bacterial strains [134,144,145]. Based on an increasing number of studies on the 

interaction between liposomes and biofilms, the size, charge, and membrane fluidity of the liposome are 

considered important factors influencing penetration and thereby, the bactericidal activity [134].  

For example, cationically modified liposomes were found to be more strongly attracted to the negatively 

charged bacterial cell wall leading to a better penetration into S. aureus and P. aeruginosa biofilms, 

improving bacterial killing compared to their uncharged and anionic counterpart [144,146]. 

Tobramycin-loaded liposomes were administered to the lungs of rats chronically infected with 

P. aeruginosa, and the results showed that by using a more fluidic phospholipid bilayer compared to a 

rigid one, a complete eradication of P. aeruginosa was obtained [147]. Liposomes can also shield their 

cargo from unintended binding with the biofilm matrix. Alipour et al. studied the incorporation of cationic 

antibiotics, tobramycin and polymyxin B, in liposomes [148]. Using the liposomes, they demonstrated an 

increase in antimicrobial activity against P. aeruginosa as the liposomes protected the antibiotics from 

binding to the polyanionic polymers commonly found in the cystic fibrosis sputum (eDNA, F-actin, 

lipopolysaccharides, and lipoteichoic acid) [148]. Utilizing liposomes for co-delivery of a quorum sensing 

inhibitor, farnesol, together with ciprofloxacin showed greater eradication of a P. aeruginosa biofilm. 

Further investigation with transmission electron microscopy (TEM) revealed partial disrupted cell walls, 

an effect believed to be caused by the liposomes [149]. When administering farnesol and ciprofloxacin 

together in liposomes, the ciprofloxacin concentration required to achieve similar biofilm inhibition was 

125-fold or 10-fold lower compared to free ciprofloxacin or ciprofloxacin in liposomes, respectively [149]. 

However, the clinical effectiveness of the currently developed liposomal delivery systems is being 

debated. Their drug loading is often inadequate and the storage stability towards temperature 

fluctuations is poor. Moreover, under physiological conditions, the stability is also usually low, causing 

physical aggregation and premature drug release which influences the in vivo therapeutic efficacy 

[12,145,150]. 

In the last decades, a large amount of work has been directed towards the development of polymeric 

micro- and nanoparticles as drug carriers [151]. In Paper I, we present and discuss polymer-based 

particulate systems and their activity against biofilms. Particles containing poly (lactic-co-glycolic acid) 

(PLGA), chitosan and polycaprolactone (PCL) are in focus, but strategies involving combinations of these 

polymers are also reviewed. Compared to liposomes, polymeric particles are attractive as they are more 

stable, possessing a high structural integrity afforded by the rigidity of the polymer matrix [12,152]. They 

protect the antibiotic against environmental degradation, deactivation or clearing by which sustained 



19 
 

therapeutic concentrations are maintained. Drug release is controllable and occurs from the matrix by 

diffusion, swelling or polymer erosion, or a combination of these processes depending on the polymer of 

choice [153]. In general, achieving a slow and sustained drug release is a crucial aspect in drug delivery, 

as maintaining therapeutic concentrations for a longer time reduces the dosing frequency. It requires a 

combination of a fast and sustained antibiotic release (biphasic release) from the particulates to achieve 

an effective antimicrobial biofilm therapy [154–157]. An initial burst release will ensure a high antibiotic 

concentration for biofilm eradication and thereby, a lowered risk of promoting antibiotic resistance 

development [2,157]. Thereafter, the particles can serve as an antibiotic depot, providing a sustained 

release above the MIC, capable of minimizing any further biofilm growth [158,159]. 

Various polymers, both synthetic and natural ones, have been used for formulating biodegradable 

polymeric micro- and nanoparticles, with some of the most commonly used ones being PLGA, chitosan, 

and PCL [140,142,157,160]. They are appealing biopolymers for drug delivery as they have a great safety 

profile, good biocompatibility and adjustable biodegradability. They can be prepared with a controllable 

size distribution and surface charge [153] using a variety of techniques including nanoprecipitation 

[158,161], solvent displacement [162], emulsification [163–165], spray drying [165], electrospraying 

[166], ionic gelation [167], and hot-melt extrusion [168]. The difference in size between the micro- and 

nanoparticles has numerous effects and whether one is aiming for a micro- or nanometer sized carrier 

highly depends on the intended route of administration. The smaller the particle, the greater proportion 

of loaded drug will have access to the external environment, which can lead to quick loss of the payload 

[169]. On the other hand, nanoparticles may reach locations, such as the deep lung tissue, whereas the 

upper airways retain the larger particles. The biofilms are often embedded in thick mucus layers that can 

bind and inactivate antibiotics. The encapsulation of these antibiotics in nanoparticles can overcome the 

problem as it prevents interactions between the antibiotic and the EPS components, allowing drug 

penetration [126,170,171]. Also, using polyethylene glycol (PEG) coating (PEGylation) is a common 

approach to achieve neutral ‘mucus-inert’ particles [172] and has shown to increase the mobility of 

particles in Burkholderia multivorans and P. aeruginosa biofilms [173]. The advantages of microparticles, 

in contrast to nanometer-sized particles, are their larger drug loading capacity, longer time of particle 

degradation and thus, a greater potential of extended drug release [169]. Recently, the idea of embedding 

nanoparticles in microparticles (NEMs) has arisen, possessing benefits from both particular 

systems [165,170,174]. As for example, colistin-loaded PLGA nanoparticles were embedded in a carrier of 

lactose thus, producing NEMs suitable for inhalation therapy with optimal flow properties with 

subsequent biofilm penetration of the PLGA nanoparticles and a sustained release of colistin [170]. 
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2.4 MICRODEVICES AS DRUG DELIVERY SYSTEM 

With advances in material science, chemical engineering and manufacturing technology, numerous novel 

nano- or microparticulated delivery systems have appeared and had a paramount influence on improving 

drug therapeutics. However, particles are limited by their multidirectional release not only into the mucus 

but also into the lumen. Moreover, particles may differ considerably in size, and the drug-polymer ratio 

can vary between the particles, why it can be difficult to estimate the amount of loaded drug [175]. 

Microfabrication of drug delivery devices holds great potential for producing uniform devices of various 

sizes and with distinct morphologies. The general concept is that the drug is enclosed in a micro-reservoir 

protecting the drug from environmental degradation. Once the device reaches the intended site of drug 

delivery, it facilitates unidirectional drug release thus, limiting drug loss into the lumen [176,177]. 

Additionally, microdevices are also being developed for injection purposes, as for example to provide a 

controlled, pulsatile antigen delivery after subcutaneous injection [178]. Different sizes and shapes of 

microdevices have been suggested, ranging from patch-like structures, only few micrometers in height 

(Figure 11A-B) to squared, triangular or cylindrical ones having a height of up to 300 µm (Figure 11C-D). 

The patch-like structures have shown improved mucoadhesion because of their high resistance to flow 

[179,180]. However, having a higher structure means that they can carry a larger amount of drug and 

have also been shown to embed in the intestinal mucus [181].  

 

Figure 11. Microdevices for drug delivery. A) Poly-methylmethacrylate (PMMA) patches with a single reservoir [180], 
or B) SU-8 patches with three reservoirs loaded with multiple different drugs. The patches were designed for oral 
drug delivery, have a low resistance to flow and great mucoadhesive properties [179,182]. C) Microsquares fabricated 
in poly (lactic-co-glycolic acid) (PLGA) using the newly developed ‘stamped assembly of polymer layers’ (SEAL) 
technique. Particles were designed for timed pulsed delivery of antigens after subcutaneous injection (arrow in 
masson's trichrome staining points at the injected device), but also showed suitable for pH-controlled intestinal drug 
delivery [178]. D) Microcontainers (MCs) embedded in intestinal mucus following in situ perfusion studies. MCs were 
cylindrical (I-IV), cylindrical with pillars (V), cubic (VI) or triangular (VII). Scale bars: 100 µm [181,183]. 
Reprinted/adapted with permission from John Wiley and Sons [179,180,182], Elsevier [181], The American 
Association for the Advancement of Science  and MDPI [183]. 
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When intended for oral delivery, the smooth muscle contraction from peristalsis causes a convective flow, 

which can challenge the adherence of the microdevice to the epithelial lining [184]. To encounter this 

problem, researchers have chemically modified the surface of the microdevices with bioadhesive agents, 

such as lectin, aiding a stronger adhesion to the intestinal mucosa [182,185,186]. Moreover, microdevices 

have been designed to penetrate or adhere to the mucus layers by using approaches like 

nanostraw-pattering to allow topography-mediated adhesion (Figure 12A) [187]. Other types of larger 

devices have been designed with stimuli-responsive self-folding abilities such as the thermal-sensitive 

“grippers” attaching into the gastrointestinal mucosa with stiff tips and allowing extended drug release 

(Figure 12B-C) [188,189]. Traverso and co-authors also developed star-shaped ultra-long acting delivery 

devices enabling release of multiple different drugs purposed for HIV or malaria therapy. The devices 

stayed in the stomach for weeks providing a sustained drug delivery, whereafter it could pass through the 

gastrointestinal tract to be excreted (Figure 12D) [190,191]. Besides improving drug bioavailability, these 

devices offer an exciting strategy to treat various intestinal diseases locally. Further investigations of the 

effect of similar devices on gastric biofilms could be of great interest. 

 
Figure 12. Advanced drug delivery devices. A) Sealed microdevice with nanostraw structures [187]. B) Microdevice 
(theragrippers) with stimuli-responsive self-folding abilities gripping into the tissue and releasing drug for up to 7 days 
in the stomach of a pig. Due to the thermal responsiveness of the material, the grippers reversible open and close 
around body temperature. Right: conceptual illustration of the theragrippers attached to the gastrointestinal 
mucosa [188]. C) Theragrippers for rectal administration apply sufficient force to penetrate the colonic mucosa. 
Scanning electron microscopy (SEM) and bright-field images show a single theragripper latching onto the colon 
mucosa ex vivo [189]. D) Gastric-resident star-shaped long-acting dosage forms for antiretroviral or malaria 
treatment. The dosage form consists of an elastomeric core and six drug-loaded arms that release at different rates. 
As shown from the graph, selection of appropriate polymers can result in sustained plasma drug concentrations over 
longer periods [191]. E) Micromotors (consisting of a Mg core, a TiO2 shell coating, a clarithromycin-loaded poly 
(lactic-co-glycolic acid) (PLGA) layer, and a chitosan layer) provide in vivo propulsion for drug delivery against a 
H. pylori infection in a mouse stomach [192]. Reprinted/adapted with permission from American Chemical Society 
[187], John Wiley and Sons [188], Springer Nature [191,192], and American Association for the Advancement of 
Science [189]. 
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Self-propelling microscale devices (i.e. micromotors) use gas-evolution reaction such as acid hydrolysis of 

a metal or hydrolysis of metal oxides, for self-propulsion towards the mucosal lining, resulting in 

mucoadhesion [184,193]. Micromotors have the unique ability to penetrate and be retained in the mucus 

layers without damaging the underlying epithelial. Micromotors have been applied to treat local 

infections in the stomach and dental biofilms [192,194,195]. De Ávila et al. loaded Mg/PLGA/chitosan-

based micromotors with clarithromycin for treatment of H. pylori biofilm infections in a mouse model 

(Figure 12E). The micromotors retained in the stomach wall and performed in vivo bactericidal activity 

against H. pylori [192]. Recently, Villa et al. proposed self-propelled tubular micromotors against dental 

biofilms and demonstrated efficient dental biofilm disruption up to 95 % killing in only 5 min of treatment 

[194]. The killing effect was attributed to the combination of the antibacterial activity of the TiO2/Pt 

micromotors themselves with the simultaneous generation of hydroxyl radicals and microbubbles created 

on the surface of the biofilm [194]. Not long ago, Yuan et al. demonstrated micromotors modified  with  

the  antimicrobial  peptide  nisin  for  highly  selective  inactivation  of  Gram-positive bacteria and biofilms 

showing a 2-fold increase of the killing ability as compared to free peptide and the static counterparts 

[195]. Micromotors are still in their early-stage development, but it is envisioned that the concept in the 

future will be useful for eliminating hard-to-treat bacterial biofilms with the motor propulsion leading to 

biofilm penetration towards enhanced antibiotic delivery.  

While being impressive in terms of the engineering creativity and possessing multiple benefits, these 

systems lack the simplicity needed for commercial upscaling. We propose the microcontainers (MCs) as 

one type of microdevices, due to their ease of fabrication, versatile functionalization possibilities as well 

as a high drug loading capacity. Previous works have shown that MCs enhance the oral bioavailability of 

small drugs such as furosemide and ketoprofen, most likely attributable to inherent mucoadhesive 

properties of MCs getting engulfed by the intestinal mucus [181,196]. We speculated that these 

properties could be exploited for biofilm treatment by I) delivering the antibiotic to the site of infection 

hence, avoiding unwanted side effects and limiting the use of antibiotic, and II) creating a high local 

antibiotic concentration, reaching therapeutic concentrations and thereby, an improved biofilm 

eradication. 

MCs are polymeric containers consisting of walls and a bottom defining a reservoir in which drugs can be 

loaded. They are fabricated from SU-8 using photolithography as originally described by Tao et al. [197] 

and later modified by Nielsen et al. [198]. Figure 13A shows the principle of cross-linking SU-8 by exposure 

to UV-light, thereby shaping MCs by a two-step photolithography process. In previous works, it was shown 

that SU-8 MCs can be fabricated in many different sizes and shapes depending on the specific need. The 

mostly studied ones are cylindrical with inner diameters of 73-413 µm and inner height of 210-270 µm 

[181,183,198,199]. In this PhD thesis, cylindrical MCs with an inner diameter of about 230 µm and a 

reservoir depth of about 220 µm were applied (Figure 13B-C). Not long ago, also cubic and triangular MCs 

(Figure 11D) have been fabricated and showed to be more mucoadhesive than the cylindrical ones 

[183,200]. This suggests that the presence of corners or edges can influence the mucoadhesion properties 

of the MCs, however, the effect of such shapes on biofilms remains to be studied. 
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MCs or similar reservoir-based microdevices have been fabricated using a variety of materials and 

techniques. The choice of fabrication technique highly depends on the choice of material. The most 

common ones include photolithography [198], soft lithography [201], and hot embossing combined with 

mechanical punching [202] or hot punching [203]. Microdevices were initially fabricated in photoresists 

including poly-methylmethacrylate (PMMA) [186] and SU-8 [197]. SU-8 is an epoxy-based negative 

photoresist with great mechanical strength and chemical stability. Various micro/nanostructures for 

tissue engineering and drug delivery have been fabricated in SU-8, and it has been reported suitable as 

implant materials due to its biocompatibility [204,205]. However, SU-8 or similar resists are not 

biodegradable and therefore, several methods for the fabrication of microdevices in biodegradable 

polymers have been proposed including poly(lactic acid) (PLLA) [202,203,206], PCL [206,207], and 

PLGA [201,208]. Fabrication of biodegradable microdevices is paramount for the technology to reach the 

clinic. However, they are still in their development phase and incorporation of drugs and subsequent 

deposition of functional polymers still need to be optimized. Therefore, the MCs applied in this PhD thesis 

were fabricated in SU-8. This material is highly suitable for prototyping of microdevices and for proof-of-

concept studies, as the fabrication process is well-established and easily controlled in terms of 

reproducibility [175]. 

 

Figure 13. A) Microcontainers (MCs) are fabricated on top of silicon wafers using photolithography to first create the 
base and subsequently, the walls of the MCs. A release layer of fluorocarbon (Fc) or titanium/gold (Ti/Au) can be 
applied to allow release of single MCs. B) Image of a wafer containing 32 squares/chips, each holding 625 individual 
MCs. C) Zoom-in on MCs. 

Various strategies have been developed for drug loading into MCs or similar microdevices, including inkjet 

printing [209,210], supercritical CO2 impregnation [196,211], photolithography [176,182], and spin 

coating with subsequent hot punching [212]. Also, more manual techniques including powder embossing 

[213], centrifugal compaction [214], or manual powder filling using a spatula or brush [181,198] have been 

reported. By combining the latter methods with the use of a shadow mask that covers the gaps 

in-between the MCs, unintended drug loss can be avoided. The shadow mask has been prepared in 

aluminum by micro-milling [213] or in polydimethylsiloxane (PDMS) [215]. The first mentioned loading 

techniques are more time-consuming and complex than the manual ones, and the optimal choice of 

method should allow a homogenous and reproducible loading while providing a minimal drug waste. 

Which method to use is highly dictated by the physiochemical properties of the drug powder (i.e. particle 

size, stickiness, and solubility) and the need of any excipients along with the cost of the drug. In this thesis, 
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a combination of manual powder filling, centrifugal compaction, and powder embossing was applied. 

These techniques allow a simple drug loading, with no need of any excipients (solvents or polymers), 

meaning that the entire drug cavity could be loaded with drug (Figure 14B) [214]. 

2.4.1. POLYMERIC FUNCTIONALIZATION 

MCs can be coated with different functional polymers (Figure 14). Various polymer film depositing 

techniques exist, among which spray coating has shown to be useful in coating three-dimensional 

structures like MCs [196,216]. Ultrasonic spray coating includes the formation of a fine mist of a polymer 

solution by the use of high frequency sound vibrations [217]. The solution is deposited on a sample 

through a narrow orifice using air pressure and thereafter, coalesce to form a coating. 

Mucoadhesive or mucopenetrating polymers, such as chitosan and PEG, have been widely used in the 

development of micro- and nanoparticulates [218,219]. By increasing the mucoadhesion and, thereby, 

the residence time of the drug formulation at the intended site of drug delivery, one can avoid unintended 

degradation or premature drug release in the lumen and achieve higher sustained local drug 

concentrations. As for example, colonization of H. pylori in the stomach requires administration of an anti-

secretory agent together with one or more antibiotics, yet, the combination is limited due to side effects. 

Polymeric particles, such as chitosan microspheres, may serve as a great alternative by adhering to the 

gastric mucosa while releasing antibiotics in a sustained manner [220–222].  

Chitosan is a cationic polysaccharide consisting of N-acetyl-D-glucosamine and D-glucosamine subunits 

linked together via 1-4-glycosidic bond (Figure 14) [223,224]. It is obtained by a partial deacetylation of 

the natural occurring chitin and is available in different molecular weights and degrees of deacetylation, 

which influences viscosity and solubility [218,223]. At low pH, the primary amine undergoes protonation 

(pKa of 6.5), explaining the higher solubility in acidic solvents [223]. One of the key characteristics of 

chitosan is its gelation properties as it swells when in contact with water. The hydrogel formed can control 

drug release [225,226]. Furthermore, chitosan has gained much attention due to its non-toxic 

mucoadhesive properties [227]. Chitosan contains numerous polar functional groups enabling interaction 

with mucus through physical entanglements and secondary chemical bonds resulting in the formation of 

weakly cross-linked networks [226]. The cationic nature of chitosan provides strong electrostatic 

interactions with the negatively charged components of the mucus, such as mucins and nucleic acids, and 

the amino and hydroxyl groups of chitosan enables hydrogen bonding and covalent bonding [218]. 

Chitosan has also been shown to possess antimicrobial activity against a wide variety of microorganisms 

including Streptococcus mutans [228,229], S. aureus [230], and P. aeruginosa [231,232]. It was proposed 

that the interaction between the positively charged chitosan and the negatively charged LPS in the outer 

membrane of Gram-negative bacteria is the main mechanism of action of the antimicrobial activity, 

ultimately leading to leakage of intracellular constituents and cell death [223,233]. In general, low 

molecular weight chitosan has a higher antibacterial activity compared to the higher ones [229,234] 

and was therefore applied in this PhD thesis. Ex vivo retention studies on sections of porcine 

intestine showed that chitosan-coated MCs provided a three-fold increase in mucoadhesion compared to 
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uncoated MCs [216]. The same tendency accounted for PEG-coated MCs. PEG is an uncharged hydrophilic 

polymer (Figure 14) that has shown mucoadhesive or mucus penetrating properties, depending on the 

surface density and the molecular weight [171,235]. Wang et al. documented improved mucus 

penetration of polystyrene nanoparticles coated with low molecular weight PEG (2 kDa), whereas higher 

molecular weight PEG (10 kDa) improved mucoadhesion [219]. The low molecular weight PEG coatings 

possess hydrophilic and near neutrally-charged surfaces that minimize mucoadhesion by reducing 

hydrophobic or electrostatic interactions [236]. The increased mucoadhesion of higher molecular weight 

PEGs may be ascribed to the longer polymeric chains which entangle with the highly cross-linked mucin 

network and, moreover, a greater number of intermolecular interactions such as hydrogen bonding may 

be present [219]. In this PhD thesis, 11-15 kDa PEG was applied, which is believed to facilitate 

mucoadhesion. Other polymers have also been applied as functionalization of the MCs. This includes PLGA 

that has been used with the idea to enhance drug solubility by creating a more acidic local environment 

in close proximity to the MC [216]. Moreover, to protect the loaded cargo, the MCs can be sealed with a 

pH-sensitive polymer, such as the poly(meth)acrylate-based Eudragit (Figure 14), to trigger drug release 

at certain pH values such as in certain regions of the gastrointestinal tract [181,196].  

 

 

Figure 14. A) Chemical structures of the polymers applied in this PhD thesis. The backbone of chitosan consists of a 
linear polysaccharide composed of randomly distributed D-glucosamine (deacetylated part) and N-acetyl-D-
glucosamine subunits. Polyethylene glycol (PEG) is a hydroxyl polyether chain. Eudragit S100 is made of methacrylic 
acid (x) and methyl methacrylate (y) subunits. B-E) Examples of coatings applied on microcontainers (MCs) in this 
PhD thesis. Uncoated MC loaded with ciprofloxacin hydrochloride (CIP) (B) and subsequently coated with 
Eudragit S100 (C), PEG (D), or chitosan before and after exposure to water (corner) (E). The coating thicknesses are 
reproduced from Paper II.  
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3 RESULTS AND DISCUSSION 

The following section has been divided according to the papers (Paper II-V). Each subsection is composed 

of the overall purpose of the study, together with a comment section describing and discussing selected 

results along with methods, additional observations, and challenges related to the project.  

3.1 ANTIBIOTIC-LOADED MICROCONTAINERS AGAINST BIOFILMS – PROOF-OF-CONCEPT 

The following subsection is based on the results presented in Paper II “Microcontainer delivery of 

antibiotic improves treatment of Pseudomonas aeruginosa biofilms” (for full paper, see Appendix II) 

as well as selected additional findings not included in the paper. 

PURPOSE 

The aim of this study was to investigate the overall potential of MCs in the treatment of bacterial biofilms. 

The mucus-engulfment, tunable drug release and high drug loading capacity led us to think that MCs could 

overcome the challenge of delivering sufficient concentrations of antibiotics to biofilms. We believed that 

the bacterial killing would improve as the local drug concentration increase. 

OUTCOMES 

Drug loading capacity of MCs 

There are several advantages with the use of MCs compared to other particulated delivery systems, such 

as liposomes, as the MCs can be loaded with any type of powdered drug, no matter size, charge or 

hydrophilicity. We chose ciprofloxacin hydrochloride (CIP) as a model drug, as this is a well-known 

fluoroquinolone antibiotic with clinical relevance in the treatment of a variety of bacterial infections 

including P. aeruginosa [237]. MCs also have a large drug loading capacity, exemplified in Paper II, where 

each MC was loaded with 4.39±0.77 µg CIP corresponding to a loading capacity of 18.0-25.6 % w/w. This 

is considerable higher than what has been reported for other polymer-based drug delivery systems, where 

it is often much lower than 10 % w/w (see Paper I). In the future, an even higher drug loading capacity 

could be achieved by decreasing the wall thickness of the MCs to yield larger cores. 

Flow chamber technology and efficacy of MCs on P. aeruginosa 

P. aeruginosa was chosen as a model organism to test the overall potential of MCs in the treatment of 

bacterial biofilms. It was selected as it possesses good biofilm-forming properties, the biofilm is well-

characterized, and it is involved in severe infections [238]. The properties of the biofilm differ significantly 

if grown in static conditions, where the medium is not replenished, from the ones exposed to flow, which 

is believed to enhance the physiological relevance of the biofilm [239,240]. Flow chambers offer a 

continuous supply of nutrients to the biofilm, aid in removal of waste and provide shear stress, which 

ultimately allow production of mature biofilms [241]. Therefore, microfluidic-based systems using flow 
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chambers combined with confocal laser scanning microscopy (CLSM) are considered the “golden 

standard” [242]. CLSM offers several advantages over conventional optical microscopes, including its high 

resolution with reduction of background noise away from the focal plane. Series of sections can be 

acquired through the depth of the specimen, making it extremely useful for studies on thick biofilms [243]. 

The combination of flow chamber systems with CLSM allows nondestructive observation of the 

three-dimensional biofilms in real time [240,244]. To enable this visualization, the strains have to be 

stained or tagged with a fluorescent probe. In Paper II-IV, P. aeruginosa (lab strain PAO1) was genetically 

modified to express green fluorescent protein (GFP) [245], while staining with propidium iodide allowed 

visualization of dead bacteria. 

Previously designed flow chambers [242,246] could not be used to study MCs because of the dimensions 

of the MCs. Consequently, the flow chambers were redesigned and fabricated with an inlet channel to 

which a small piece of silicon tubing was glued, allowing for inoculation of MCs (Figure 15). Fabrication 

was performed by drilling in a 6 mm thick sheet of polycarbonate (for detailed protocol of standard flow 

chambers, see [246]). The chambers needed to be washed carefully multiple times with ethanol, water, 

and soap before leftover materials from the fabrication process did not influence cellular proliferation.  

 

Figure 15. Schematic illustration of the flow chamber system together with an image of the system. Growth medium 
is pumped from the medium bottle through the bubble traps, to avoid destruction of developing biofilm structures in 
the flow chambers, and thereafter led into a waste bottle. The flow chamber (pink zoom-in) was designed in order to 
allow inoculation of microcontainers (MCs) through inlets (marked with arrows). 

To ensure that the MCs did not possess any toxic effects, possibly causing microbial death, empty MCs 

were placed on an agar plate incubated with P. aeruginosa. No inhibition zones were observed after 24 h 

of incubation. Furthermore, adding empty MCs to a planktonic suspension of P. aeruginosa cells did not 

show any growth inhibition after monitoring the optical density and viable counts for 24 h. Lastly, 

incubation of empty MCs inoculated into a 96 h old biofilm did not show any growth inhibition as the 

biomass after 24 h treatment was 11.2±0.6 µm3/µm2, compared to 10.2±0.3 µm3/µm2 before treatment. 

Therefore, we concluded that the MCs did not possess any toxic effects towards the P. aeruginosa cells. 

These observations correlate with the biocompatible nature of SU-8 previously evidenced by cell viability 

and in vivo histocompatibility studies [204]. 
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Ultrasonic spray coating was used to coat the CIP-loaded MCs with PEG, chitosan, or Eudragit S100. PEG 

and chitosan were chosen based on their mucoadhesive properties [218,235], and since they provided a 

fast and sustained release of CIP, respectively. The pH-sensitive polymer, Eudragit S100, was included with 

the idea of activating the antibiotic release by changing the pH, but release profiles revealed sustained 

CIP release from MCs coated with Eudragit S100. In spite of that, Eudragit S100 was included in the 

antibacterial studies, since PMMA-Eudragit microparticles were previously reported to reduce adherent 

methicillin-resistant S. aureus compared to treatment with free antibiotics [247,248].  

To assess the performance of polymer-coated CIP-loaded MCs against planktonic P. aeruginosa, standard 

viable counting and optical detection measurements were employed. The flow chamber system combined 

with CLSM allowed studying the effect of MCs on biofilm-associated P. aeruginosa. The mature biofilms 

were exposed to antibiotic treatment either as I) a single-dose bolus injection (CIP introduced directly in 

the tubing after the bubble trap and before the cell chamber), II) constant perfusion (CIP present in the 

growth medium), or III) CIP confined in coated MCs (Figure 16).  

 

Figure 16. Schematic overview of the treatments, that P. aeruginosa biofilms were exposed to in flow chambers: 
I) Bolus dose of ciprofloxacin hydrochloride (CIP), II) constant perfusion of CIP, or III) CIP confined in polyethylene 
glycol (PEG), chitosan or Eudragit S100-coated microcontainers (MCs). Image modified from graphical abstract 
(Paper II). 

All antibiotic-containing MCs inhibited planktonic growth of P. aeruginosa cells, but the degree of 

inhibition depended on the coating. PEG-coating (faster CIP release) provided the best and fastest killing 

of planktonic bacteria, whereas chitosan (sustained CIP release) performed best on biofilms (Figure 17). 

We believe that this may be due to a combination of the sustained drug release through the chitosan 

hydrogel lid as well as a local antibacterial activity of chitosan. However, when investigating the effect of 

empty chitosan-coated MCs on P. aeruginosa biofilm, no significant killing was observed. Increasing the 

concentration of chitosan could potential provide statistical significant killing. 

In general, the MCs provided about three times more killing of biofilm-associated P. aeruginosa compared 

to a single bolus dose of CIP in the same concentration as delivered in the MCs (Figure 17). This clearly 
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demonstrates the importance of a sustained delivery of CIP to the biofilm. Moreover, the MCs provided 

killing equal to a constant flow of 2.75 higher concentration of solubilized CIP perfused over the course of 

24 h (4 µg/mL, corresponding to the minimal biofilm inhibitory concentration) (Figure 17), proving the 

benefit of delivering antibiotics locally in the MCs. 

 

Figure 17. Comparison of the live/dead ratio (%) after 24 h treatment of a P. aeruginosa biofilm with ciprofloxacin 
hydrochloride (CIP) administered as: I) Bolus dose [120 µg], II) perfusion [330 µg over the course of 24 h], or III) 
confined in microcontainers (MCs) [~120 µg] coated with either polyethylene glycol (PEG), chitosan, or Eudragit S100. 
Data is presented as mean+SD (n=4-24). Green represents live bacteria. Red represents dead bacteria. 

MC-based antibiotic treatment did not completely eradicate the biofilm, and the remaining fraction might 

be an antibiotic-tolerant subpopulation of cells in a temporary dormant state with minimal cellular 

division and therefore, minimal susceptibility to CIP. Co-delivery of antibiotics targeting these different 

subpopulations could be useful to obtain full killing (as investigated in Paper III). Biofilm formation is 

regulated in response to nutrient levels in the environment [249]. Limitations in nutrients are known to 

favor biofilm development with transition of cells into dormancy. On the other hand, in extreme nutrient-

rich conditions a greater number of cells are in the planktonic, metabolic active phase. In here, they rapidly 

regain their antibiotic susceptibility [250]. Thus an idea, yet to be tested, is using the MCs to deliver 

transient concentrations of a nutrient-rich compound, such as glucose or citrate, followed by intense 

antibiotic therapy. In this case, however, one should keep in mind the risk of possible spread of planktonic 

bacteria to establish biofilms in new niches. 

Localized antimicrobial activity of MCs 

It was of interest to investigate of the distance-dependent killing obtained from a single MC. In the results 

described above, multiple MCs were inoculated in order to have a detectable effect on the mature biofilm 

grown in flow chambers. Confocal images were acquired in close proximity to single MCs, however, the 

MCs only spread to some degree across the flow chamber making it difficult to obtain a distance-

dependent killing profile. Therefore, P. aeruginosa was grown in a 24-well glass bottom plate allowing the 

development of a thin biofilm. After only 1 h of treating with a single CIP-loaded, uncoated MC, a local 

antibacterial activity in close proximity to the MC was evident (Figure 18). The killing decreased with 
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increasing distance from the opening of the MC and few colonies remained alive despite being in close 

proximity to the MC, which is believed to be tolerant subpopulations. Monitoring the distance-dependent 

killing for a prolonged period as well as the killing from MCs functionalized with different polymeric 

coatings would aid an even better understanding of the localized killing from the MCs. This was further 

addressed in Paper IV. 

 

Figure 18. P. aeruginosa biofilm treated with an uncoated MC loaded with ciprofloxacin hydrochloride (CIP). The 
biofilm was grown for 24 h at 37 °C at 200 RPM in a 24-well glass bottom plate in FAB medium (see Paper II for 
preparation) with a final concentration of glucose of 30 mM (100x higher than used in the flow chamber due to the 
lack of flow of nutrients). Confocal images were acquired after 1 h of treatment and Imaris software was used to 
present live cells (green) and dead cells (red). The opening of the MC is located at the top left corner. Note: distances 
are approximations as no controlled stage was available. 

To enable a fast and automated screening of functionalized MCs, an oCelloScope was employed. The 

oCelloScope is a novel optical system that allows real-time analysis of bacterial processes, by using digital 

time-lapse microscopy scanning to generate a series of images which can undergo subsequent algorithmic 

analysis to obtain growth kinetics [251]. The method has previously been applied for rapid and accurate 

real-time monitoring of bacterial proliferation and provided the MIC used to define the susceptibility 

breakpoints [251–253]. Thus, the majority of studies were conducted on cells in their exponential phase. 

Recently, it was suggested to include minimal bactericidal concentration determinations for more detailed 

understanding of the bacteria susceptibility to antibiotic drugs and, thus, more clinically relevant 

data [254]. Nevertheless, no studies have yet investigated the activity of antibiotics and their delivery 

system on already established biofilms using an oCelloScope. The feasibility of using the oCelloScope to 

study the local effect of a functionalized MC on biofilm was assessed. The MCs were loaded with CIP and 

functionalized with PLGA, PEG or chitosan. All MCs decreased the biomass over time (based on the 

incoming light intensity) compared to the growth control without addition of MCs (as exemplified with 

PLGA in Figure 19). Although, there was an evident effect of the treatment, we did not observe any 

significant changes in biomass between coated and uncoated MCs. Further optimization of the instrument 

and the use of it is needed for production of novel results concerning polymer-functionalized MCs. 
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Figure 19. Eradication of P. aeruginosa biofilm assessed by the oCelloScope with subsequent image analysis using the 
build in background corrected absorption (BCA) algorithm. Biofilms were allowed to develop in 96-well plates for 24 h 
at 37 ° C. On the following day, they were exposed to either an uncoated microcontainer (MC) loaded with 
ciprofloxacin hydrochloride (CIP) or a CIP-loaded poly (lactic-co-glycolic acid) (PLGA)-coated MC. As controls, a MC 
loaded with pure PLGA and a growth control were included. Representative images show PLGA-coated CIP-loaded 
MC inhibition. Quantitative results are expressed as mean values±SD (n=5-17).   
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3.2 CO-DELIVERY OF SYNERGISTIC ANTIBIOTICS USING MICROCONTAINERS 

The following subsection is based on the results presented in Paper III “Co-delivery of ciprofloxacin and 

colistin using microcontainers for bacterial biofilm treatment” (for full paper, see Appendix III) as well as 

selected additional findings not included in the paper. 

PURPOSE 

The aim of this study was to realize and test the co-loading of MCs with two antibiotics aimed at targeting 

metabolically active as well as dormant subpopulations of a P. aeruginosa biofilm. 

OUTCOMES 

In Paper III, we utilized MCs to co-deliver two synergistic antibiotics to P. aeruginosa biofilms. CIP is 

believed to be effective against metabolically active cells, and colistin sulfate (COL) thought to target and 

kill the metabolic inactive cells. The antibiotics were chosen based on their previously established activity 

against different subpopulations within a P. aeruginosa biofilm [92]. Previous studies have realized 

co-delivery of CIP:COL, however, only using lipid-based formulations [83,137,255]. For co-loading, the 

powders were mixed in a 1:8 w/w ratio based on the MIC values of the individual antibiotics towards 

P. aeruginosa PAO1 cells (0.125 µg/mL for CIP  [256]; 1 µg/mL of COL [257]). The CIP:COL powder was 

successfully loaded into MCs by combining centrifugal compaction [214] with the powder embossing 

method [213] to ensure maximal powder loading. The co-loaded MCs were functionalized with chitosan 

based on the promising results presented in Paper II.  

The effect of delivering the two antibiotics using the MCs was evaluated in vitro regarding the drug 

release. Moreover, the performance against planktonic and biofilm-associated P. aeruginosa was 

addressed by different techniques including time-kill studies with viable counting, scanning electron 

microscopy (SEM), atomic force microscopy (AFM) and monitoring with CLSM (Figure 20). 

 
Figure 20. Schematic overview of the conducted experiments aimed to study the effect of co-delivering two 
antibiotics in MCs. Abbreviations: Ciprofloxacin hydrochloride (CIP), colistin sulfate (COL), scanning electron 
microscopy (SEM), and atomic force microscopy (AFM). 
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Drug release and antimicrobial activity 

This is the first time that two synergistic antibiotics have been delivered in MCs, and the results prove that 

the co-loaded MCs work significantly better than antibiotic monotherapy, providing a complete killing of 

the entire planktonic culture in a 24 h time-kill study. This did not account for biofilm consortia of 

P. aeruginosa grown in flow chambers, as they were not fully killed. However, the co-loaded MCs worked 

significantly faster than constant antibiotic perfusion (62.5±8.3 % versus 10.6±10.1 % dead biomass after 

5 h) (Figure 21). This is believed to be a consequence of the localized release from the MCs.  

 

Figure 21. Comparison of the live/dead ratio (%) and representative confocal images after 5 and 24 h treatment of a 
P. aeruginosa biofilm with ciprofloxacin hydrochloride and colistin sulfate (CIP:COL) confined in MCs coated with 
chitosan or as a solution. Data is presented as mean+SD (n=12-20). Green represents live bacteria and red shows dead 
bacteria. 

Co-loaded MCs coated with chitosan released 98.7±5.7 % COL and 79.0±6.4 % CIP through the chitosan 

hydrogel mesh within 30 min. SEM investigations confirmed intact lid morphology after 30 min, showing 

that the fast release was through the hydrogel and not caused by removal of the lid during the experiment. 

The release was significantly faster than what was observed for CIP single-loaded (13.8±1.2 % CIP released 

within 30 min). Within the same timeframe, the entire cargo was released from COL single-loaded MCs, 

and it therefore appeared that the water-soluble and fast-releasing COL drove the release of the less 

soluble CIP. Incorporation of COL in liposomes have previously shown to accelerate the release of 

co-loaded CIP, an effect that was attributed to the amphiphilic nature of COL, acting as a surfactant 

affecting the liposomal bilayer [137]. It is well known, that the presence of surfactants influence the 

degree of hydrogel swelling and can provide micellar solubilization of poorly water-soluble drugs 

[258,259]. Therefore, the accelerated release may be attributed to COL serving as a surfactant affecting 

the degree of swelling of the chitosan-coating on the MCs and the associated release profile.  

After 24 h, the co-loaded MCs and the solution showed similar killing (69.6±13.8 % and 74.1±20.4 %, 

respectively) (Figure 21). As co-loaded and single COL-loaded MCs released their cargo quickly after 
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treatment initiation, one could suspect that the antibiotic concentrations would be diluted due to the 

flow. Surprisingly, we did not observe any regrowth after 24 h. By extending the timeframe of our 

experiment and monitoring the biofilm for 48-72 h after treatment using the CLSM, one could achieve 

valuable insight into the duration of the growth suppression. 

Pamp et al. provided clear evidence that a combined CIP:COL-treatment kills almost all P. aeruginosa 

biofilm cells, as less than 10 cell/mL survived the combinational treatment compared to 3.80x105-2.25x107 

cells/mL in separately treated biofilm [92]. In Paper III, the biofilm was exposed to concentrations of CIP 

and COL based on the maximum number of MCs suitable for inoculation into the currently fabricated flow 

chambers. This corresponded to 4 µg/mL CIP, 2.5 µg/mL COL, or 0.34:2.85 µg/mL CIP:COL (equivalent to 

32xMIC, 2.5xMIC and 2.72:2.83xMIC). These concentrations were significantly lower than the ones 

applied by Pamp et al. (60:25 µg/mL CIP:COL). For that reason, the absolute killing of mature biofilms 

could potentially be improved by significantly increasing the dose or varying the ratio between the 

co-delivered antibiotics. In Paper III, 82.6±9.8 % of the biomass was killed after exposing the biofilm to 

MCs only loaded with CIP. In Paper II, where the biofilm was exposed to about one-third of the total CIP 

dose as administered in Paper III (~120 µg versus ~336 µg), the amount of dead biomass was the same 

(88.2±5.3 %). This interesting comparison reveals that no further improvement in the bacterial killing was 

found despite increasing the concentration of CIP. Thus, CIP-loaded MCs are effective even with lower 

antibiotic concentrations. 

There is generally a poor correlation between traditional antibiotic testing methods (such as MIC 

determination) and clinical outcomes in the treatment of biofilm infections [260]. Haagensen et al. 

developed a flow-based in vitro model aiming to resemble in vivo pharmacokinetics (PK) and 

pharmacodynamics (PD) with changing antibiotic concentrations, as seen with a clinical relevant 

intravenous bolus dose [260]. Using the PK/PD-model to treat P. aeruginosa with CIP (same concentration 

as applied in our study) led to an about 60 % reduction in biomass [261], which is lower than what we 

achieved with the MCs (83 %). If MC-based treatment can provide similar or even better therapeutic 

activities on the biofilm, one could avoid the side effects seen after systemic administration. PK/PD studies 

remain to be conducted with COL and the combination of CIP and COL. 

Changes in bacterial morphology using SEM and AFM 

CLSM provided valuable insight into the changes in bacterial population inactivation after treatment of 

P. aeruginosa biofilm with co-loaded MCs. However, the detailed bacterial morphology is difficult to 

image by optical light microscopes [262]. Therefore, SEM and AFM were applied. SEM is a well-established 

and widely used tool for surface imaging. A focused beam of electrons is scanned across the sample and 

the emitted secondary electrons or backscattered electrons are used to build up the image [262]. 

Electrons have a natural smaller wavelength than photons, why higher resolution images with a higher 

depth of focus can be obtained using SEM compared to standard optical microscopy. Unlike SEM, AFM 

can provide valuable quantitative height evaluation of biofilms. AFM is a highly sensitive and well-known 

imaging tool providing information about the morphology and topography of a given surface. The 
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technique is widely applied for imaging within nanofabrication and material sciences. Besides these, it is 

becoming more popular within the field of microbiology [263,264], and have previously been utilized for 

studying the effect of drug delivery systems on biofilm [83,265]. AFM uses a cantilever with a sharp flexible 

tip mounted to scan over a sample surface [263]. A laser beam detects the bending of the cantilever 

ultimately providing information about the topography of the sample [263]. When imaging a soft sample 

such as a bacterial cell surface or biofilms, the tapping mode is often applied [266]. Here, the tip oscillates 

just above the surface and a high-speed feedback loop ensures that the probe does not crash with the 

sample thereby, avoiding any damage of the sample [266].  

 

Figure 22. A) Scanning electron microscopy (SEM) and B) atomic force microscopy (AFM) micrographs. P. aeruginosa 
PAO1 biofilms were grown for 24 h and simultaneously treated with co-loaded ciprofloxacin hydrochloride (CIP) and 
colistin sulfate (COL) microcontainers (MCs), CIP MCs, or COL MCs. An untouched biofilm was included as control. 
Scale bars: 10 µm (SEM) and 5 µm (AFM). Arrows indicate examples of elongated bacteria (red), shrunken/collapsed 
bacteria (green), and extracellular debris/agglomerates (pink). 

The antibiotic-loaded MCs clearly affected the morphology and population density of the bacteria 

(Figure 22). The morphological changes appeared to correlate with the mechanism of action of the 

individual antibiotics. CIP promoted cellular elongation, as it inhibits DNA replication and ultimately 

cellular division [63]. COL triggered cellular membrane disruption, resulting in a reduction of the number 

of cells as well as the emergence of extracellular debris together with shrunken and collapsed cells [79]. 

For the co-loaded CIP:COL MCs, the predominant effect on bacterial morphology appeared to originate 

from COL. Cellular debris and deformed/shrunken bacteria were observed, yet, few bacteria also 

appeared elongated on the SEM micrograph. This tendency is most likely a consequence of two factors. 

The co-loaded MCs contained significantly more COL than CIP, and secondly, COL quickly destabilizes the 

membrane thereby, evading the cellular elongation as otherwise observed after the treatment with 

only CIP. The PAO1 control SEM micrograph revealed a dense and intact biofilm. However, only few 

bacteria were observed on the control AFM scan, and some appeared deformed due to unknown reasons. 

More replicates of AFM scanning and method optimization is required in order to evaluate the effect of 

treatment. Therefore, the AFM scans were not included in Paper III. When growing the biofilms on the 

glass slide, they grew heterogeneously, which complicated AFM scanning as the scanning range was only 
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15 x 15 µm on the available AFM. For further optimization, one could consider to coat the glass substrate 

with 0.01 % w/v poly-L-lysine hydrobromide to enhance bacterial cell adhesion and to prevent biofilm 

removal [83]. 

The SEM and AFM micrographs shown above represented inhibition of biofilm growth, as the biofilms 

were developed together with the respective treatments. SEM or AFM investigation of mature biofilms 

grown under flow could provide deeper insight into the efficacy of a MC-based treatment on clinically 

relevant biofilms. This could be done by isolating the glass pieces from the top of the flow chamber for 

subsequent SEM or AFM imaging [262]. Conventional SEM, as employed in this PhD thesis, requires 

fixation, dehydration and metal coating of the biofilm before observation. Since biofilms mainly consist of 

water, this sample preparation can influence the biofilm structure. Using Cryo-SEM or environmental-SEM 

techniques could be beneficial, as they have shown to leave the biofilm matrix unaffected. However, they 

suffer from a poorer resolution when compared to conventional SEM [262]. This is partly because of the 

lack of conductivity in the wet sample. To solve this, one could coat the biofilms with an ionic liquid, which 

is a salt that exist in the liquid state at room temperature, does not evaporate under vacuum and is 

electrically conductive [267]. Using ionic liquids to prepare biofilm samples for SEM observation have 

shown to cause less cracking of the biofilm, and does not require the extensive fixation and dehydration 

as conventional SEM [267]. 
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3.3 MUCOLYTIC FUNCTIONALIZATION OF MICROCONTAINERS TO DISRUPT BIOFILMS 

The following subsection is based on the results presented in Paper IV “Enhanced eradication of 

mucin-embedded bacterial biofilm by locally delivered antibiotics in functionalized microcontainers” 

(for full paper, see Appendix IV) as well as selected additional results not included in the paper. 

PURPOSE 

The aim of this study was to functionalize antibiotic-loaded MCs with a mucolytic and mucoadhesive 

coating. Additionally, to mimic the in vivo habitat of the bacteria, thus better predicting the true efficacy 

of the functionalized MCs, we aimed to realize biofilm growth with mucins on a perfusion microfluidic 

platform. 

OUTCOMES 

In Paper IV, we developed and tested the efficacy of chitosan/NAC-functionalized MCs, believed to 

possess mucoadhesive and mucolytic properties, thereby improving adhesion of the MC to the biofilm 

and disruption of the biofilm. Functionalization of MCs with pure NAC was not possible because of the 

lack of polymer properties and therefore, NAC was integrated within the chitosan coating. We found it 

important to test whether this incorporation compromised the activity of NAC. Therefore, the mucolytic 

activity of NAC was investigated in the presence of chitosan using a Quartz Crystal Microbalance with 

Dissipation (QCM-D) assay. Moreover, the in vitro drug release from MCs functionalized with 

chitosan/NAC was characterized (Figure 23). 

 

Figure 23. Schematic overview of conducted experiments aimed to study the effect of chitosan/N-acetylcysteine 
(NAC)-functionalized microcontainers (MCs). Abbreviations: Ciprofloxacin hydrochloride (CIP); Quartz Crystal 
Microbalance with Dissipation (QCM-D). 
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The complex microenvironment at the site of biofilm infections is rarely taken into account when 

investigating the efficacy of drug delivery systems on biofilms in vitro. It has previously been shown that 

P. aeruginosa biofilm development proceeds differently in the presence of mucins, as the bacteria are 

immobilized within the pores of the mucin structures [107,273]. Incorporation of mucins represents a 

model for the mucus layer, and will provide more correct in vitro results when testing drug delivery 

devices. Therefore, in Paper IV, we applied a mucin-containing growth medium, artificial sputum medium 

(ASM). Besides mucins, ASM contains DNA, and essential and non-essential amino acids, which are found 

in the sputum from cystic fibrosis patients [268]. The effect of chitosan/NAC MCs on P. aeruginosa was 

studied using crystal violet staining and viable counting. Moreover, we showed for the first time that it is 

possible to use the mucin-containing medium in a microfluidic perfusion platform. This platform was 

utilized to assess the efficacy of chitosan/NAC MCs on P. aeruginosa biofilms (Figure 23). 

Investigation of mucolytic and mucoadhesive effects using QCM-D 

QCM-D is able to record changes in mass and structural changes, i.e. viscoelastic properties due to 

simultaneous monitoring of changes in frequency (∆f) and dissipation (∆d) [269]. In brief, a quartz crystal 

between two electrodes is oscillating when voltage is applied. When a thin film attaches to the sensor, 

such as mucins, the frequency will decrease as the mass on the sensor is increasing. As the mucin layer is 

a soft layer, it will not be in the same oscillation phase as the crystal and dissipation will increase [270]. 

Afterwards, a drug formulation can be applied onto the mucin layer and changes in frequency and 

dissipation will reveal the interaction mechanisms [269]. In short, decrease in frequency indicates an 

increase in mass, and increase in dissipation implies a softer layer. 

 

Figure 24. QCM-D real-time monitoring of changes in frequency (blue line) and dissipation (red line) of an established 
mucin layer on gold-coated sensor, in the presence of A) 0.4 mg/mL N-acetylcysteine (NAC), B) 100 mg/L chitosan, or 
C) 0.4 mg/mL NAC in 100 mg/mL chitosan. Results are representative of three independent assays in duplicates. 
Reprinted from Paper IV. 
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When applying the chitosan/NAC blend (as in the coating of the MCs) onto the mucin layer, we observed 

a decreased frequency (Δf=13.79) and an increased dissipation (ΔD=1.89). Both of these values were 

higher than the ones measured after addition of only NAC or chitosan (Figure 24). NAC breaks the mucin 

chains by attaching covalently to the sulfide groups, and chitosan intermingles with the mucin network 

by electrostatic interactions. Ultimately, more water is taken up leading to a lowered viscosity of the 

mucin layer as also observed from the increased dissipation. The synergistic effect of chitosan and NAC 

can be explained by the fact that the adhesive chitosan may entrap NAC, brining it in close contact with 

the mucins. In contrast, NAC by itself does not have ionic interaction mechanisms with the mucins and 

might therefore easier by carried away by the flow. 

The QCM-D is an excellent and highly sensitive tool. Utilizing it to study the effect of the chitosan/NAC 

combination on a biofilm embedded in mucins is of great interest. This investigation would better mimic 

the in vivo scenario compared to the use of merely mucins. Only few have employed QCM-D for biofilm 

growth [239], so this would require an in-depth investigation and characterization of biofilm development 

on the QCM-D sensor before treatment evaluations. In the QCM-D measurements, it was assumed that 

the effect of chitosan/NAC would be similar to when applied on MCs, however, we did not investigate 

this. A direct and quantitative measurement of the adhesiveness of functionalized MCs would contribute 

to this statement.  

Effect of chitosan/NAC MCs - Crystal violet staining and viable counting 

Crystal violet staining remains one of the most frequently used microtiter-based biofilm quantification 

techniques to estimate the adherence of biomass to the wells of the plate [244]. Crystal violet does not 

only stain cells but essentially any material adhering to the surface of the plate. This includes the biofilm 

matrix components, and any biomass detachment, due to the activity of NAC, would be detected [271]. 

Despite this, staining of biofilms grown in ASM showed no difference between the adhered biomass after 

exposure to CIP-loaded, chitosan and/or NAC-functionalized MCs as well as for the corresponding 

solutions (Figure 25A). The method is sensitive to human errors as a slight difference in the well washing 

procedure can easily lead to a false conclusion, and it may not be sensitive enough to detect smaller 

differences in the effect (for example the presence of NAC or not). However, it is more useful when 

studying biofilm formation (for example from different genotypic strains) or for determination of the 

minimal biofilm inhibitory concentration. While P. aeruginosa, grown in minimal medium, usually forms 

a biofilm that covers the substratum with a homogenous distribution of the biovolume, ASM also 

promotes the growth of discrete free-floating aggregates [272]. As crystal violet only stains adhering 

biomass, we wanted to enumerate the bacteria in the suspension. To allow viable counting, the 

aggregates in suspension were homogenized using a 27G needle and subsequently plated on agar plates. 

Slight differences appeared between the different treatments with or without NAC. However, the 

differences were minor when taking the absolute bacterial numbers into account (no significance using 

an ordinary one-way ANOVA with multiple comparison) (Figure 25B). 
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Figure 25. Test of microcontainers (MCs) on P. aeruginosa biofilms grown statically in artificial sputum medium (ASM). 
A) Crystal violet assay of biofilm adhering to the wells after treatment with ciprofloxacin hydrochloride (CIP)+chitosan 
(CHI) or CIP+CHI+N-acetylcysteine (NAC) either in solution or loaded in coated MCs. Data is presented as mean±SD 
(n=3-4). B) Viable counting of bacteria treated with CIP, CIP+CHI, CIP+CHI+NAC either in solution or loaded in coated 
MCs. Bacteria were homogenized using a 27G needle to allow correct viable counting on plates.  

Growth of mucin-embedded biofilm 

Microtiter-based biofilm assays are cheap with high-throughput, yet, biofilms formed under static 

conditions have different expression patterns than the biofilms formed under flow conditions, which has 

prompted the development of the flow chamber systems [273] (as applied in Paper II and Paper III). These 

laminar flow systems allow continuous supply of nutrients, removal of waste products along with 

providing shear for biofilm development. However, they are quite bulky and require the use of large 

quantities of growth medium. As an alternative, we employed the newly developed Bacterial-Culture-on-

Disc (BCoD) platform [274] for growth of P. aeruginosa in the more in vivo like growth medium, ASM. 

Growing P. aeruginosa in ASM mimics growth during cystic fibrosis infections with formation of 

self-aggregating biofilm structures [268]. In pure ASM, P. aeruginosa initially adhered to the glass-surface. 

Hereafter, it detached and mostly clustered in the medium with only few, rather large, clusters remaining 

attached to the surface, which precluded CLSM monitoring [274]. Instead, a P. aeruginosa biofilm was 

grown in diluted ASM and compared to the growth in minimal growth medium FAB (as used in the flow 

chamber system in Paper II and Paper III). The ASM was diluted either I) x100 of all components (classified 

‘mucin-poor ASM’), or II) x100 all components except the mucins which were only diluted x10 (classified 

‘mucin-rich ASM’). We observed that the biofilm in diluted ASM grew faster and more homogenously 

across the cell chamber with improved adhesion to the cover glass compared to FAB medium (Figure 26). 

When growing in mucin-rich ASM, the biomass reached the same density after 48 h as for 72 h growth in 

mucin-poor ASM. Additionally, we observed that the percentage of live biomass was higher with 

mucin-rich ASM than mucin-poor ASM (Figure 27). Thus, it appears that the higher mucin concentration 

facilitated bacterial adhesion to the surface, immobilized them and lowered the detachment due to flow 

velocity. The increased adhesion may be attributed to the mucin-specific adhesion proteins of 

P. aeruginosa mediating bacterium–mucin interactions [275]. 
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Figure 26. A) Bacterial-Culture-on-Disc (BCoD) platform for growth of P. aeruginosa designed with a growth medium 
reservoir, a cell chamber, inoculation holes, and a waste reservoir. B) Zoom-in on the cell chamber. C) P. aeruginosa 
biofilm grown for 24 h on the disc in a minimal medium with glucose as the only carbon source (FAB medium), artificial 
sputum medium (ASM) diluted x100 (‘Mucin-poor ASM’) or ASM where the mucin concentration was diluted x10 and 
the nutrient fraction diluted x100 from the standard preparation of ASM (‘Mucin-rich ASM’). Scale bars: 40 µm. See 
Paper IV and [274] for details on fabrication of disc, preparation of media, and growth of biofilm. 

Effect of chitosan/NAC MCs on mucin-embedded biofilm 

P. aeruginosa biofilms grown in mucin-poor or mucin-rich ASM were challenged with CIP as I) a bolus 

dose, II) in chitosan-coated MCs, or III) in chitosan/NAC-coated MCs (Figure 27). Chitosan/NAC MCs 

caused 70.1±5.1 % dead biomass after 24 h treatment of the biofilm grown with a low mucin 

concentration, whereas 88.5±4.1 % was dead when the concentration of mucins were higher. This is 

particularly interesting because it implies that NAC had a greater effect on the mucin-embedded biofilm. 

Chitosan-coated MCs killed 74.6±9.3 % (mucin-poor ASM) and 72.7±3.7 % (mucin-rich ASM) of the total 

biomass. Therefore, chitosan/NAC MCs performed better than chitosan MCs, but only when testing 

against biofilm grown with a higher mucin concentration. This demonstrates the importance of having 

mucins present in in vitro models. The amount of mucins did not influence the efficacy of the bolus dose. 

 

Figure 27. Comparison of the dead biomass (%) after 24 h treatment of P. aeruginosa biofilm with ciprofloxacin 
hydrochloride (CIP) administered as: I) bolus, II) in chitosan (CHI)-coated microcontainers (MCs), and III) in 
CHI/N-acetylcysteine (CHI/NAC)-coated MCs. Biofilms were grown in mucin-poor artificial sputum medium (ASM) or 
mucin-rich ASM. Data is presented as mean+SD (n=18). Significance between mucin-poor and mucin-rich ASM is given 
at columns of mucin-rich ASM. Significant difference: ****, p-value < 0.0001; *, p-value < 0.05; ns, not significant. 
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In this paper, the CLSM images were acquired both closer to and further from the MCs to better 

understand the effect on the entire biofilm. Comparing the BCoD to the flow chamber system, as applied 

in Paper II and Paper III, the BCoD allowed a more controlled inoculation of MCs. The length of the cell 

culture chamber in the BCoD is 10 mm [274], whereas it is 40 mm in the flow chamber system [246]. The 

design allowed us to inoculate two MCs on the BCoD, and thereby it was possible to study the effect close 

and far from the MC.  

After 5 h treatment with chitosan-coated MCs, 72.8±1.5 % biomass was dead in close proximity to the 

MC, whereas only 39.1±3.4 % was killed on average in the entire cell culture chamber (Figure 28). Having 

more biomass killed in close vicinity to the MC may be ascribed to the fact that MCs coated with chitosan 

have a slow release of CIP and, thus, only a small quantity of antibiotic was released after 5 h (23.3±8.2 %), 

affecting only bacteria close to the MC. After 24 h, when most of the CIP was released from the MC in the 

cell chamber, the average dead biomass was 72.7±3.7 % with no significant difference based on the 

distance to the MC (Figure 27). The chitosan/NAC MCs provided immediate killing all over the cell 

chamber. This is possibly an effect due to the fast release of CIP from the MCs (83.7±2.6 % within 30 min) 

and the biofilm-degrading activity of NAC, resulting in 86.2±8.5 % dead biomass close to the MC and 

79.6±8.3 % far from the MC after 5 h treatment (Figure 28) (not significantly different). The larger amount 

of dead biomass was maintained for 24 h (Figure 27). It would be of interest to investigate the duration 

of the inhibition and determine when a possible regrowth would occur. Furthermore, the disruption of 

the biofilm, facilitated by NAC, might have promoted phenotypical changes, restoring the susceptibility of 

the certain subpopulations towards CIP. Investigations of the phenotypes within the treated biofilm, using 

for example flow cytometry, could reveal whether this hypothesis is true. 

 

Figure 28. Comparison of the dead biomass (%) after 5 h treatment of a P. aeruginosa biofilm with ciprofloxacin 
hydrochloride (CIP) administered as: I) bolus, II) in chitosan (CHI)-coated microcontainers (MCs), and III) in 
CHI/N-acetylcysteine (CHI/NAC)-coated MCs. Biofilms were grown in mucin-rich artificial sputum medium (ASM). 
Confocal images were acquired closer to or further away from the MCs. Data is presented as mean+SD (n=18). 
Significant difference: **, p-value < 0.01; ns, not significant. 
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In conclusion, chitosan/NAC-functionalized MCs performed significantly better than both the bolus and 

the chitosan-coated MCs presumably because of the fast release kinetic combined with the mucolytic 

activity of NAC as confirmed by QCM-D (Figure 24). Moreover, NAC has shown antibacterial properties 

against P. aeruginosa with MIC values ranging from 10-40 mg/mL [127,276]. MIC values are nonetheless 

determined on planktonic cultures, and the minimal eradication concentration of NAC towards biofilm 

grown on the BCoD will consequently be substantially higher. We applied 40 mg/mL NAC in the spray 

coating solution, however, this is not necessarily the final concentration obtained in the flow chamber. 

Utilizing a higher concentration of NAC could potentially improve the antibacterial contribution from NAC. 

As next steps, one could exploit the chitosan/NAC MCs for delivery of antibiotics with other 

physiochemical properties. Studies have shown that CIP penetration is impeded through mucus, and using 

particulates to deliver CIP improved its diffusion [277,278]. However, CIP have also shown to penetrate 

biofilms more easily than other antibiotics like the aminoglycoside tobramycin, whose penetration is 

highly restricted through both biofilm and mucus [103,104]. Divergent opinions exist to whether the 

penetration of COL (as used in Paper III) is restricted through mucus. Some report that COL diffusion was 

not limited through mucus, despite its many positive charges [107], whereas others showed that COL loses 

its activity as it binds to the mucins [279]. Therefore, delivering cationic antibiotics, like tobramycin or 

colistin, to mucin-embedded biofilms using chitosan/NAC MCs could further elucidate the potential of the 

mucolytic functionalization. 

Selective disruption of other EPS components to improve efficacy of antibiotics also constitutes an exciting 

approach. This includes enzymatic degradation of abundant EPS polymers and could be achieved by 

incorporation of alginate lyase, dispersin B, or DNase [9,20,119]. These could either be incorporated in 

the coating or loaded within the MCs. Incorporation in the coating would require ensurance of enzyme 

stability during the coating process. 

The BCoD is a novel and convenient tool for studying biofilms. The presence of ASM makes the platform 

more physiologically relevant, and it could for example be useful when studying surface-attached biofilms 

such as the ones occurring in the oral cavity or the gastrointestinal tract. However, it does have certain 

limitations. First, it does not fully mimic the complexity of an in vivo biofilm infection and future aims 

could include incorporation of mucus from diseased patients, or even epithelial and host immune cells.  

The group of T. Bjarnsholt took an interesting approach to mimic the biofilm-mucus plugs. They inoculated 

alginate beads with a fluorescently tagged P. aeruginosa, and then isolated and cut the beads in half to 

visualize the edge and interior of the bead with confocal microscopy [280]. These beads could potentially 

also be applied in a mucin-containing environment. Investigating the chitosan/NAC-functionalized MCs 

on such a setup would yield more information on the impact on in vivo-like biofilms.  
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3.4 TREATMENT OF ORAL MULTISPECIES BIOFILMS USING MICROCONTAINERS 

The following subsection is based on the results presented in Paper V “Management of oral biofilms by 

nisin delivery in adhesive microdevices” (for full paper, see Appendix V). 

PURPOSE 

The aim of this study was to investigate the adhesion of MCs in the oral cavity and assess the antimicrobial 

activity of MCs encapsulating an AMP towards oral multispecies biofilms isolated from patients. 

OUTCOMES 

In the previous papers (Paper II-IV), MCs with encapsulated antibiotics showed antimicrobial and 

antibiofilm activity against monomicrobial cultures of P. aeruginosa. In Paper V, we wanted to address 

their effect on polymicrobial biofilms. The oral cavity is colonized by numerous beneficial microbes that 

form biofilms on dental and mucosal surfaces to get access to nutrients and to avoid being carried away 

with the saliva [45,281]. However, oral biofilms are recognized as a key virulence factor to many oral 

infectious diseases as it serves as a reservoir for pathogenic bacteria [281]. Examples include periodontitis 

and dental caries with preceding tooth decay. Therefore, maintaining a low biofilm density in the oral 

cavity is paramount. Oral hygiene relies on mechanical removal of biofilms, but many products also 

contain antimicrobials. For effective eradication of biofilms with antimicrobials a high concentration and 

a long exposure time is required [282]. This is challenged by the rapid clearance of saliva in the oral cavity, 

and we suggest that MCs can serve as an alternative adhesive drug delivery carrier providing a prolonged 

exposure of antimicrobials to the oral microbiome. Therefore, in Paper V, the bioadhesion of MCs, the 

release of an AMP from MCs and the resulting antimicrobial activity were studied (Figure 29). 

 

Figure 29. Schematic overview of conducted experiments aimed to study the effect of microcontainers (MCs) loaded 
with nisin and functionalized with chitosan. Abbreviations: Scanning electron microscopy (SEM); X-ray micro-
computed tomography (µCT). 



45 
 

Bioadhesion of MCs 

The bioadhesion of MCs to tissue from the oral cavity was studied in a custom-made retention 

measurement setup [283]. The setup allowed control of humidity and temperature (89.0±2.3 % and 

32.6±0.5 °C) during the whole experiment mimicking the physiological environment and avoiding that the 

tissue dried out. Among the mucoadhesive polymers, chitosan is one of the most widely applied 

ones [218]. Madsen et al. exemplified the adhesiveness of chitosan microparticles on porcine buccal 

mucosa, showing a pronounced influence from the choice of irrigation medium used. A concentration of 

2.50 % w/v gastric porcine mucins closely resembled the retention profile of the microparticles in 

stimulated human whole saliva and was therefore also applied in Paper V [284]. Functionalization of the 

MCs with a chitosan coating increased their adhesiveness to the buccal tissue two-fold from 33.8±5.2 % 

to 68.6±14.3 % (Figure 30A). In comparison, metformin microparticles spray dried with chitosan, to a size 

of 5-22 µm, previously showed improved adhesion up until 20 min. Thereafter, no significant difference 

was observed compared to the microparticles without chitosan [284]. That the chitosan-coated MCs 

possessed better bioadhesion than the chitosan microparticles may be attributed to the magnitude of the 

chitosan hydrogel. MCs have a considerable larger chitosan-coated surface area than the smaller 

microparticles and thus a larger area for gel formation and the associated electrostatic interactions with 

the mucosal surface. 

Release of nisin from MCs 

As the MCs showed suitable as an adhesive drug delivery system, our next step was to load the MCs with 

nisin. Nisin belongs to the group of AMPs, which stands out from traditional antibiotics because of their 

mode of action. They disrupt the bacterial membranes and thus, provide rapid bacterial killing, allowing 

minimal time for resistance development [87]. Functionalization of MCs with chitosan allowed 

encapsulation of nisin within the MC. Integrity of the chitosan coating was monitored using SEM 

(see Paper V for images). Release of nisin through the chitosan hydrogel was estimated using X-ray micro-

computed tomography (µCT). X-rays are used in µCT to obtain cross-sections of a sample without having 

the cut and destroy the sample [285]. As evident from Figure 30B, nisin released fully after 15 min in a 

physiological relevant mucus/saliva blend despite the use of a higher concentration chitosan than 

previously applied (1 % w/v versus 0.5 % w/v in Paper II-IV). The loaded powder did not only contain nisin, 

but also skim milk among other ingredients from the production process. As the aqueous solubility of skim 

milk is usually more than 99 %, this component may have driven the release [286]. To obtain an optimal 

formulation for oral care a high drug concentration and long exposure time are required. Therefore, one 

would need to ensure a sustained release of nisin by modifying the coating components. Biopolymers like 

zein [287], cellulose [288], and alginate [289] have been explored for making microparticles and films for 

controlled release of nisin. By firstly functionalizing the MCs with a layer of one of the abovementioned 

polymers followed by a coating of chitosan, a controlled-release and mucoadhesive properties could be 

obtained simultaneously. 
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Antimicrobial activity against oral multispecies biofilm 

Multispecies biofilms were developed in IBIDI-plates from saliva isolated from patients. Previous studies 

have shown that nisin inhibits planktonic growth of oral bacteria at low concentrations (2.5-50 µg/ml) 

[87], and in Paper V an approximated concentration of 16 µg/ml of pure nisin was used. Confocal 

monitoring of the saliva-derived multispecies biofilms revealed antibacterial activity of nisin-loaded 

chitosan-coated MCs with a faster onset (after 3 h) compared to solution-based delivery (after 9 h) 

(Figure 30C). The improved effect can imply that the MCs may deliver initial high local drug concentrations 

in the biofilm, and in that way resulting in a faster and better killing, as many of them are in direct contact 

with the biofilm. 

In the present study, we developed in vitro biofilms based on saliva samples isolated from patients, which 

were suspended in bulk amounts in order to exclude for patient-to-patient variations in biofilm 

composition. However, this involves a disruption of the biofilm and in situ investigations of intact biofilms 

developed in the oral cavity would provide insight into the true in vivo activity of the MCs. Furthermore, 

one needs to develop a suitable strategy to deliver the MCs in the oral cavity, which could potentially 

include incorporation into a gel. We believe that the results presented are encouraging for future design 

of sustained drug delivery microdevices to maintain a healthy oral microbiome.  

 

Figure 30. Selected data from Paper V. A) Percentage of uncoated or chitosan-coated microcontainers (MCs) adhering 
to porcine buccal mucosa after exposure to flow for 20 min. Data is presented as mean±SD (n=4). Significant 
difference: **, p=0.0038. B) X-ray micro-computed tomography (µCT) images of MCs loaded with nisin and coated 
with 1 % w/v chitosan, and µCT images of the same MCs after 15 min release in a 50:50 % w/w mucus/saliva blend. 
C) Confocal microscopy time-lapse on oral multispecies biofilm after treatment with nisin in chitosan-coated MCs or 
nisin in solution. Percentage of dead biomass was calculated in relation to the total biomass at the specified 
time-point and normalized at t=0 in order to compare the changes in dead biomass. Data is presented as mean±SD. 
Significant difference: *, p=0.017; **, p=0.0091.  
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4 CONCLUSION 

The development of novel strategies to combat pathogenic biofilms poses an immense scientific 

challenge. Utilizing delivery systems to provide high local concentrations of antibiotics at the site of 

infection can improve the treatment and overcome many of the challenges associated with traditional 

drug delivery – minimizing side effects, avoiding deactivation and improving drug penetration into the 

biofilm. By using less drug while achieving the same therapeutic activity, resistance development may be 

alleviated. 

The findings in this PhD thesis illustrate that MCs show great potential as antibiotic carriers. Antibiotics 

with different physiochemical and antibiofilm properties (CIP, COL, or nisin) were loaded separately or in 

combination into MCs. Functionalization of MCs was completed with different polymers aimed at realizing 

a mucoadhesive, release-controlling and/or biofilm-degrading effect (PEG, Eudragit S100, as well as 

chitosan and/or NAC). Fast or sustained release profiles were obtained depending on the choice and 

combination of polymer and drug. Moreover, functionalization of the MCs with a chitosan coating 

provided a two-fold increase in bioadhesion to buccal mucosa. 

The loaded and functionalized MCs were examined in terms of their antibacterial and antibiofilm 

performance against planktonic bacteria as well as single species and multispecies biofilms. Growth of 

planktonic P. aeruginosa cells was partly inhibited with the CIP-loaded MCs and the degree of inhibition 

depended on the choice of coating (Paper II). In contrast, co-delivering CIP:COL demonstrated synergistic 

effects superior to monotherapy, resulting in a complete eradication of the entire bacterial 

population (Paper III).  

Overall, the use of MCs as delivery system appeared to be a promising approach for improving antibiotic 

delivery to biofilms, by increasing the local concentration of antibiotics to therapeutic levels. In this work, 

we showed that MC-based treatment with CIP of biofilm-associated P. aeruginosa provided a 3-fold higher 

local killing compared to treatment with a bolus dose, and chitosan coating appeared to be the most 

promising. Moreover, MCs loaded with CIP provided a bacterial killing similar to after constant perfusion 

of a 2.75 times higher concentration of solubilized antibiotic (Paper II). Interestingly, the effect of burst 

antibiotic release from MCs was reflected in the killing of biomass, as a significantly faster killing was 

observed compared to simple perfusion of antibiotic. This effect was observed for both single-species 

P. aeruginosa biofilm (Paper III-IV) and oral polymicrobial biofilms (Paper V). 

The complex microenvironments at the site of biofilm infections need to be taken into account when 

investigating the effect of drug delivery systems on in vitro biofilms and research should be directed 

towards development of models that better mimic the in vivo biofilm habitat. We realized biofilm growth 

on a newly developed microfluidic centrifugal BCoD platform, suitable for perfusion of a mucin-containing 

medium (Paper IV). The results demonstrated that the choice of growth medium highly influenced the 

bacterial proliferation and the efficacy of the antibiotic-loaded MCs. Treating biofilm infections requires 

combination therapies targeting more than one component of the complex biofilm microenvironment. 
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This, we demonstrated with chitosan/NAC-functionalized MCs that improved the biofilm killing compared 

to chitosan-coated MCs or a bolus antibiotic injection, an effect which we ascribed to the local delivery in 

MCs combined with the proven mucoadhesive and mucolytic activity of chitosan/NAC (Paper IV). 

In conclusion, this work confirms, for the first time, the benefits of using MCs for treatment of biofilms, 

reducing the use of antibiotics while achieving improved antibiofilm effects by allowing a higher amount 

of antibiotic to reach the biofilm. We believe that the results are encouraging for further design of drug 

delivery devices to treat biofilm-associated infections, ultimately improving the life-quality for numerous 

of patients. 

  



49 
 

5 FUTURE PERSPECTIVES 

An important aspect when developing commercial therapies is the possibility of scaling up the production, 

where inexpensive large-scale manufacturing methods are required. Although, SU-8 is a suitable material 

for proof-of-concept testing, the main drawback is that it is non-biodegradable and requires cleanroom-

facilities not suitable for upscaling. High-throughput fabrication of MCs in biocompatible materials still 

constitute a major challenge, and recent efforts in our group have focused on the use of polymers like 

PLLA, PCL and PLGA for non-lithography based processing. When addressing the issue of biocompatibility, 

new continuous large-scale fabrication routes of MCs develops such as roll-to-roll and embossing, which 

needs to be further explored in the future.  

Fabrication of MCs is time-consuming and will be less cost-efficient than other already developed delivery 

systems such as particulates. Therefore, the advantages obtained with MCs needs to be considerable, and 

thorough in vitro and in vivo investigations are important for them to be competitive. To realize a good 

correlation between in vitro and in vivo studies, the in vitro studies should mimic the in vivo situation as 

much as possible, which can be achieved by using constituents simulating the pathogenic biofilm 

microenvironment. As for example, considerable differences exist between mucus from healthy and 

diseased humans, as the viscosity is highly increased. Further investigation of the efficacy of MC-based 

co-delivery and chitsan/NAC-functionalization against mucus-biofilm complexes isolated from diseased 

patients could be of great interest. Moreover, testing MCs on clinical strains of mucoid nature as well as 

other biofilm-forming strains would further elucidate their potential. In vivo experiments would reflect 

the full interplay between the MCs, the host and the pathogens, which is not obtained in in vitro studies. 

This would provide insight into the suitability of MCs for commercial use against polymicrobial biofilms 

that are most often treated with systemic antibiotics rather than local treatments. 

The optimal release profile of an antibiotic is believed to be an initial burst release, ensuring a high 

antimicrobial concentration for biofilm eradication, followed by a sustained release capable of minimizing 

any further biofilm growth. This could be achieved by a multi-layer loading technique of antibiotics 

embedded in a release-controlling polymer or by using multi-compartment MCs. The MCs are 

advantageous due to their large size and thereby, large drug loading capacity, but this also restricts their 

biofilm-penetrating effects. By encapsulating nanoparticles within MCs, one could achieve the benefits 

from both drug delivery systems: The large loading capacity and mucoadhesiveness of the MC together 

with the biofilm-penetrating properties of the nanoparticles. 

Excitingly, many more functionalizations and modifications are yet to be explored to fully understand the 

behavior and benefits of the MCs as drug delivery system. Their versatility emphasize their prospect within 

personalized medicine. Although, the initial results presented in this PhD thesis are promising, realizing in 

situ drug delivery from MCs locally at the site of biofilm still constitutes a major, nevertheless, essential 

task. By increasing the targeting specificity or obtaining a stimuli-triggered release from the MCs, delivery 

to the pathogenic cells within the biofilm microenvironments will be improved, while protecting the host 



50 
 

tissue and the commensal microbiota. Using ‘smart-surfaces’ represents the most widely applied 

technique for various particulates under development. An example is the hybrid particles with a polymeric 

core and a lipid coat. They possess the benefits from both delivery systems, and bacterial toxins in the 

biofilm damage the liposomal coating, triggering the release of antibiotic from the polymeric core. 

Likewise, the weakly acidic environment within the biofilm has been exploited to trigger release from 

particulates. By using surface-charge switching polymers, a triggered release can be obtained within the 

biofilm. In the future, polymers like these could be applied onto the MCs.  
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ABSTRACT 

Now-a-days healthcare systems face great challenges with antibiotic resistance and low efficacy of 

antibiotics when combating pathogenic bacteria and bacterial biofilms. Administration of an antibiotic in 

its free form is often ineffective due to lack of selectivity to the infectious site and breakdown of the 

antibiotic before it exerts its effect. Therefore, polymeric delivery systems, where the antibiotic is 

encapsulated into a formulation, has shown great promise, facilitating a high local drug concentration at 

the site of infection, a controlled drug release and less drug degradation. All this leads to improved 

therapeutic effects and fewer systemic side effects together with a lower risk of developing antibiotic 

resistance. Here, we review and provide a comprehensive overview of polymer-based nano- and 

microparticles as carriers for antimicrobial agents and their effect on eradicating bacterial biofilms. We 

have a main focus on polymeric particulates containing poly(lactic-co-glycolic acid), chitosan and 

polycaprolactone, but also strategies involving combinations of these polymers are included. In addition, 

we discuss promising future strategies for eradicating bacterial biofilms using polymeric nano- and 

microparticles. 
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1. INTRODUCTION 

Decades ago, it was found that most bacterial infections are caused by the ability of the microbes to 

organize themselves into dense micro-communities, also known as biofilms [1–3]. The extracellular 

biofilm matrix, consisting of various polysaccharides, proteins and extracellular DNA (eDNA), provides a 

protective barrier against harsh environmental changes due to e.g. a host immune response or 

antimicrobials. This renders the biofilm-associated cells 10-1,000 times less susceptible to antibiotics than 

their planktonic counterpart [4,5]. Biofilms are medically important as over 80 % of microbial infections 

in the body are due to biofilms [4], for example in  cutaneous wounds [6,7], in the airways [8], in the ears 

[9] and in the gastro-intestinal tract [10]. 

The lack in development of new antibiotics together with the problem of low response of biofilms to 

conventional delivery of antibiotics is highlighting the need for innovative methods to optimize the drug 

delivery. Administration of the drug in its free form presents some disadvantages such as lack of selectivity 

to the location of the biofilms and breakdown or clearance of the antibiotic prior to reaching the target 

(Figure 1) [11,12]. Moreover, because of the high tolerance of biofilms towards antibiotics, a large 

therapeutic dose is usually needed, leading to an enlarged risk of systemic toxicity with many side effects 

such as allergic reactions, hepatotoxicity and nephrotoxicity as well as damage of the otherwise healthy 

microbiota of the gastro-intestinal tract [13].  

For improving the therapeutic efficacy of antibiotics, advanced drug delivery systems play an important 

role providing a controlled delivery to target sites of the body at an optimal rate and in a concentration 

within the therapeutic range. A vast amount of research has focused on how to improve the effectiveness 

of already existing agents against biofilms by encapsulating them into nanoparticles (NPs) or 

microparticles (MPs). Using particulated drug delivery systems have several advantages including the 

possibility of a targeted and/or triggered release of the antibiotic, the possibility of incorporation both 

lipophilic as well as hydrophilic agents, protection of the encapsulated antibiotic as well as reducing the 

side effects [14,15].  

Polymer-based NPs and MPs possess several unique characteristics for antibiotic delivery and have 

previously been highlighted by many as a great tool in the battle against biofilm tolerance [13,14,16]. The 

advantages of particles are manifold: 1)They are structurally stable and provide protection of the antibiotic 

against environmental degradation, deactivation and clearance, thus maintaining appropriate therapeutic 

drug concentrations [13,17]; 2)They can be prepared with a controllable size distribution as well as surface 

charge; 3)Drug release kinetics is controllable and occurs from the matrix by diffusion, swelling or polymer 

erosion, or a combination of these processes depending on the polymer of choice [18]. 

Administration of free antibiotics results in a quick and fast effect with requirement of several doses per 

day and no local treatment at the site of infection which can limit the efficacy. The concept of sustained 

release from the particles is a crucial aspect in delivery of antibiotics, as maintaining a proper drug 
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concentration for a longer time reduces the dosing frequency. A successful antimicrobial therapy against 

biofilm infections is believed to require a combination of a fast and sustained antibiotic release (biphasic 

release) from the particulates [19–22]. The burst drug release in early stage of treatment is then ensuring 

a high antimicrobial concentration for biofilm eradication and thus, a lowered risk of development of 

resistance, followed by a sustained release capable of minimizing any further biofilm growth [23–25]. For 

this, it is also advantageous to use particles as they can act as a depot for part of the antibiotic dose, 

providing a sustained release above the minimal inhibitory concentration (MIC) [22]. Polymeric particles 

also have the ability to solve the technical issues associated with delivery of poorly water soluble drugs, 

an attractive feature, since almost one half of potential drug candidates are excluded in the drug screening 

phase due to poor solubility in water. For all of these reasons, by using polymeric particles for delivery of 

antibiotics, suitable therapeutic concentrations can be achieved at the site of infection, leading to an 

improved biofilm eradication.  

Various polymers, both synthetic and natural, have been used for formulating biodegradable polymeric 

NPs and MPs. The most utilized polymers include poly (lactic-co-glycolic acid) (PLGA), chitosan (CS), 

polycaprolactone (PCL), all of which are widely used due to their biodegradability and/or mucoadhesive 

capacity [22,26–29]. Also, the amphipathic polymer polyethylene glycol (PEG), has been incorporated into 

other polymers to improve antibiotic encapsulation [30], as for example in preparation of MPs consisting 

of poly(ester-amide) and PEG [31]. 

This review provides a comprehensive overview of polymer-based NPs and MPs for antibiotic delivery 

with focus on the polymers: PLGA, CS, PCL, and their investigations on eradicating bacterial biofilms. 

Furthermore, other promising future strategies for combating biofilms are discussed. We do not report 

on prevention of biofilm formation by the use of surface modified implants or incorporations of 

antimicrobials to ultimately reduce bacterial attachment and subsequent biofilm development as this has 

been reviewed elsewhere [29,32,33].  
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Figure 1. Schematic representation depicting the advantages of delivering antibiotics using polymer-based nano- or 
microparticles. Treatment with unconfined antibiotics is usually characterized by a rapid clearance of the antibiotic 
from the site of infection, enzymatic inactivation or degradation, and a limited penetration. Particle-based drug 
delivery systems serve as an alternative, providing protection of the antibiotic against clearance, inactivation or 
degradation as well as facilitate improved penetration and/or adhesion of the drug-loaded particulate. Thereby, they 
can deliver the antibiotics to the site of infection more effectively and for a prolonged period of time. Note: drawing 
not to scale. 

2. POLY (LACTIC-CO-GLYCOLIC ACID) (PLGA)-BASED DRUG DELIVERY SYSTEMS 

PLGA has received much attention as polymeric carrier due to attractive properties including a great safety 

profile, good biocompatibility and adjustable biodegradability [34–36]. It is approved by the European 

Medicine Agency and the Food and Drug Administration (FDA) for various drug delivery systems in 

humans. PLGA undergoes hydrolysis in the human body forming the biologically compatible moieties 

lactic acid and glycolic acid and therefore, a minimal toxicity is associated with the usage of PLGA-based 

drug delivery systems [17,37–41]. Assessment of blank PLGA particles, containing no antibiotics, have 

shown no inherent antimicrobial activity against Escherichia coli, Staphylococcus aureus, Burkholderia 

cepacia and Pseudomonas aeruginosa biofilms [27,28,38]. Information on previously reported use of 

PLGA particles for encapsulating antibiotics to eradicate biofilms can be found in Table 1. 

2.1. Production and characterization of PLGA formulations 

Several methods have been applied to prepare PLGA particulates of varying sizes including 

nanoprecipitation [23,39], solvent displacement [42], emulsification [37,43,44], spray drying [44] and 

electrospraying [34]. Depending on the method of preparation, the structural organization may differ as 

the drug is either entrapped inside the core of the particle, dispersed in the entire particle or adsorbed 

on the surface of the particle [17,37]. 

The appeal of PLGA lies in the fact that its properties can be manipulated to increase drug loading 

efficiencies and to tune drug release kinetics to suit a desired application. The degradation profile of PLGA 

is modified by altering the ratio of the monomers (lactic acid and glycolic acid), allowing control of drug 

release kinetics [17,45,46]. As glycolic acid is more hydrophilic than lactic acid, a high amount of glycolic 

acid units will decrease the hydrophobicity, resulting in higher absorption of water and thus, a faster 
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degradation [47]. Other particle parameters, i.e. particle diameter, polydispersity index (PDI) and zeta 

potential, were shown not to be affected when comparing different PLGA-ratios [44].  

Investigation of antibiotic release from PLGA NPs revealed kinetic profiles that highly depends on the 

aqueous solubility of the encapsulated drug, as approximately 80 % of the water-soluble levofloxacin was 

released within 24 h, in contrast to the low-soluble ciprofloxacin in which only approximately 20 % was 

released within the same time frame [27].  

For creating an attractive particulate system, it is important to have a high encapsulation efficiency 

(i.e. percentage of loaded drug in relation to the total amount of drug used during formulation) and a high 

drug loading (i.e. percentage of loaded drug in relation to the total weight of the particle). Indeed, PLGA-

based NPs often present a high encapsulation efficiency. However, the drug loading is generally low, often 

reported to be <1 % w/w, meaning that the majority of the particle is the carrier material [17,47], and 

that large quantities needs to be dosed to reach the therapeutic dose. Therefore, the loading capacity is 

a key factor to solve in order for the particulates to reach the clinics. The amount of drug entrapped in a 

PLGA particle has been enhanced by modifying the pH of the formulation, thus, the hydrophilicity of 

certain drugs [18,48]. For example, gentamycin entrapment was improved from 6.4 to 22.4 µg/mg by 

changing the pH from 5 to 7.4 [48]. Furthermore, the solubility of antibiotics can be improved by 

encapsulating them in cyclodextrin (CD)-complexes, which can subsequently be loaded into PLGA NP. The 

solubility of roxithromycin (ROX) was drastically increased in a CD-complex achieving a higher drug 

encapsulation of 76 % compared to 57 % in PLGA particulates [49]. However in the same study, release of 

ROX was hindered due to electrostatic interactions among the individual components of a CD-ROX-PLGA, 

thus limiting the effect on E.coli and S. aureus compared to NP of ROX-PLGA [49].  

MPs offer, in contrast to the nanometer-sized particles, a larger drug loading capacity. In general, the size 

of carrier will depend on the route of administration, and larger porous MPs have demonstrated effective 

lung deposition and enhanced lung residence time as a result of their large diameter and reduced 

clearance by macrophages in comparison to NPs, which are generally exhaled upon inhalation [44,50]. To 

address this issue, as well as the concern of a low drug loading capacity of NPs, the use of NPs embedded 

in MPs, also known as NEMs has gained a great interest. NEMs suitable for drug delivery have been 

obtained by spray drying PLGA particles with lactose, leucine or mannitol [44,51,52] or using a combined 

crosslinking-emulsion method with CS [34]. An antimicrobial peptide, KSL-W, was formulated into PLGA 

and PLGA/CS microspheres by electrospraying the emulsion and a crosslinking emulsification method, 

respectively [34]. The PLGA MPs had a size of approximately 7 µm, whereas for the PLGA/CS MPs, the 

PLGA MP was embedded in the external CS shell, resulting in a particle size of 61-80 µm depending on the 

polymer concentration. The PLGA/CS MP, that were suggested to be useful against dental biofilms, 

showed long-term sustained release of KSL-W for up to 80 days [34]. Recently, also PLGA NPs containing 

an anti-inflammatory agent (curcumin) was incorporated in MPs with a mucolytic agent (N-acetylcysteine) 

and antibiotics of tobramycin, ciprofloxacin or azithromycin, to potentially deliver higher local drug 

concentration compared to systemic applications [52]. 
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2.2. Antimicrobial activity on bacteria and biofilm 

PLGA particles have been used to entrap several antimicrobial agents, demonstrating a sustained delivery 

and efficacy in eradication of biofilms [23,53]. Gentamycin-loaded PLGA NPs were explored to clear an in 

vivo systemic 96 h old P. aeruginosa infection in mice. A dose of free gentamycin was able to reduce 

infection after 24 h, but bacterial levels returned to levels comparable to the saline-controls by 96 h. In 

contrast, when the animals were treated with the same concentration of PLGA-entrapped drug, this 

protective effect was still observed after 96 h presumably due to the sustained release of sufficient 

amount of gentamycin, maintaining concentrations within the therapeutic range [48]. 

In a time-dependent E. coli biofilm susceptibility test with levofloxacin- and ciprofloxacin-loaded PLGA 

NPs, conducted over 5 days, a subpopulation of bacteria survived despite treating with levofloxacin-PLGA 

NPs in a concentration above the minimal biofilm inhibitory concentration (MBIC) and regrowth took 

place. In comparison, ciprofloxacin-PLGA NPs suppressed regrowth for 5 days even at concentrations as 

low as 1/16 of the MBIC. It was then concluded that the ciprofloxacin-PLGA NPs, having 20 % burst release 

followed by sustained, were most promising in the treatment of E. coli biofilms [24]. However, it should 

be noted that this study did not take into consideration the possible effect of biofilm-NP interaction as 

NPs were not added directly to the site of biofilm, but instead samples collected from the in vitro release 

study were applied to the biofilms [24]. The effect of ciprofloxacin-PLGA NPs was also analyzed in an 

urinary tract infection animal model utilizing dialysis bags to create a localized E. coli infection [25]. 

Application of ciprofloxacin-PLGA NPs significantly reduced the bacterial counts (7 log10 reduction) 

compared to free ciprofloxacin in which no reduction was observed, an effect suggested to be due to free 

ciprofloxacin being rapidly washed away, whereas ciprofloxacin-PLGA NPs provided a sustained and 

constant exposure [25]. However, few in vitro studies do report on reduced antimicrobial effects of the 

PLGA-encapsulated antibiotics. As for example, Sabaeifard et al. observed that PLGA-encapsulation 

caused higher minimal biofilm eradication concentration (MBEC) values of encapsulated amikacin 

compared to the free drug (512 µg/mL versus 128 µg/mL), despite having a burst release of 40 % in 1 h 

followed by sustained release for 10 h [54]. 

The efficacy of PLGA NPs (size of 300 nm) and MPs (size of 12 µm) containing ciprofloxacin was tested 

against S. aureus and P. aeruginosa biofilms and drug loading capacity was significantly higher for the MPs 

(7.5 % w/w) compared to the NPs (4.3 % w/w) [28]. Release of ciprofloxacin from the two particle sizes 

was comparable, releasing about half the cargo as burst followed by a sustained release over the course 

of 5 days. Both the NPs and MPs demonstrated a similar in vitro anti-biofilm performance against P. 

aeruginosa and S. aureus, but with a significant difference between the two strains (Figure 2A). The 

sustained release of ciprofloxacin from both the NPs and MPs was equally effective in eradication of S. 

aureus as the continuous treatment with ciprofloxacin solution, all of which provided a full eradication 

within 6 days. In contrast, P. aeruginosa was not fully eradicated, but a 4-5 log10 reduction occurred with 

no significant differences in the number of surviving bacteria between ciprofloxacin NPs and MPs, 

suggesting that particle size was not a critical parameter for the anti-biofilm performance, when 

ciprofloxacin concentration was maintained constant [28]. Hasan et al. compared PLGA MPs and NPs 



8 

 

loaded with the nitric oxide precursor, isosorbide mononitrate (ISMN). Drug release was the same, but 

interestingly, the PLGA MPs, but not NPs, were able to deliver sufficient levels of ISMN to planktonic and 

biofilm-associated S. aureus to cause significant antibacterial effects simply due to the low drug loads of 

the NPs [43]. 

2.3. Combinational strategies  

New approaches have been proposed aiming at increasing the mobility of administered particles through 

the tight mesh of mucus-embedded biofilms. Previous evaluation of the PLGA NP-mucus interaction using 

turbidity and zeta potential measurements has fostered the conclusion that PLGA NPs might show some 

mobility in mucus, and thereby, an improved penetration and accessibility of the antibiotic [39]. Having 

said that, much literature also present aggregation of PLGA NPs in the outer layer of the mucus, with 

limited mucus penetrative effects [55]. Instead, it has been shown that functionalization of the negatively 

charged PLGA NPs with the neutrally charged and “mucus-inert” PEG can reduce the adhesive ionic 

interaction of the PLGA NPs with mucus, facilitating enhanced diffusion in mucus and bacterial biofilms 

[38,55,56].  

Tobramycin was encapsulated in PEG-PLGA with particle sizes of either 225–231 nm or 896–902 nm and 

the ability to overcome the biofilm barrier was compared [38]. 7-amino-4-methyl-3-coumarinylacetic acid 

(AMCA)-labelled PEG-PLGA particles were tracked through artificial sputum medium. The extent of 

permeation depended on the particle size and the presence of tobramycin, as permeation were 52 % vs. 

35 % for unloaded AMCA-PEG-PLGA NPs vs. MPs, and 91 % vs. 56 % for loaded AMCA-PEG-PLGA NPs vs. 

MPs. The tobramycin-encapsulated NPs (zeta potential of -13.2±3.6 mV) showed almost complete 

penetration through mucus within less than 10 h, whereas for the drug-free NPs (zeta potential 

of -27.9±2.0 mV) only 40 % permeated mucus within the same time, indicating that a less negatively 

charged surface was beneficial [38]. In the same study, tobramycin-PEG-PLGA NPs were tested against 

the pulmonary biofilm-associated infectious strains P. aeruginosa and B. cepacia. Here, colony-forming 

unit (CFU) counting was applied after culturing in Müller-Hinton broth (MHB) or monitoring of live/dead-

ratios with confocal laser scanning microscopy (CLSM) of biofilm grown in artificial sputum medium in 

static conditions or MHB in fluidic conditions (Figure 2B). Encapsulation of tobramycin in NPs and MPs 

strongly enhanced its effectiveness in eradication of biofilms grown under static or fluidic conditions [38]. 

Tobramycin-PEG-PLGA NPs and MPs, loaded with less than 0.77 mg/L antibiotic, were able to significantly 

reduce the CFUs of statically grown P. aeruginosa biofilms by a 1–1.5 log10 magnitude and B. cepacia 

biofilms with more than a 2 log10 magnitude. This effect was also supported by CLSM observations of 

biofilms grown in artificial sputum or MHB [38]. Considering a release efficiency of 30 % tobramycin after 

24 h, the effective concentration, to which the biofilms were exposed to, was most likely even lower than 

0.77 mg/L (i.e. ~0.25 mg/L). This is 1.024-fold less than the MBEC of tobramycin against P. aeruginosa and 

512-fold less than the MBEC for tobramycin against B. cepacia [38], proving the superior effect of using 

PLGA-PEG encapsulation. 

Recently in another study, the impact of azithromycin-loaded D-a-tocopherol PEG 1000 succinate 
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(TPGS)-functionalized PLGA NPs were comprehensively investigated by quartz crystal microbalance with 

dissipation monitoring, total internal reflection fluorescence microscopy-based particle tracking and in an 

in vitro biofilm model cultured in a flow-chamber system with subsequent quantitative imaging 

analysis [57,58]. It was found that the mucus-inert, enzymatically cleavable TPGS shell, enabled PLGA NP 

penetration through mucus with accumulation in the deeper layers of the biofilms and the sustained 

release improved the killing efficacy of the azithromycin against P. aeruginosa [57]. As an alternative to 

the rigid PLGA NPs, nanogels based on the biodegradable hyaluronic acid (HA) have shown antiadhesive 

and anti-biofilm properties towards multiple bacteria [59]. Modification of HA with octenyl succinic 

anhydride (OSA) allows the production of a amphiphilic polymer capable of self-assembly into soft 

nanogels composed of hydrophilic and hydrophobic zones suitable for delivery of partially hydrophobic 

compounds [58]. In a comparison between TPGS-PLGA NPs and OSA-HA nanogels, the TPGS-PLGA NPs 

showed superior mucin interaction and longer retention time in the biofilm. Both delivery systems 

improved the antimicrobial and anti-virulence activity of azithromycin as well as allowed prevention and 

removal of preformed biofilms at substantially lower doses than non-encapsulated azithromycin [58]. 

Also, engineering of PLGA NPs with CS or polyvinyl alcohol (PVA) was studied for improved transport 

through artificial cystic fibrosis (CF) mucus (Figure 2C) [51]. Colistin-loaded PLGA NPs were subsequently 

embedded in an inert carrier of lactose thus, producing NEMs suitable for inhalation therapy with optimal 

flow properties. Free colistin showed a potent anti-biofilm activity, treating a 24 h statically grown 

P.aeruginosa biofilm for 24, 48 and 72 h [51]. After 24 h treatment with 7.5 or 15 µg/ml free colistin, up 

to 90 % of the biofilm biomass was eradicated, however, this effect was diminished after 48 h and 

completely lost after 72 h due to full regrowth of the biofilm. When colistin was incorporated in PVA or 

CS lactose-based NEMs, a weaker initial anti-biofilm activity was observed (approximately 50 % biomass 

reduction after 24 h). However in contrast, the long-term anti-biofilm activity was preserved especially 

with PVA NEMs (40 % for PVA and 25 % biomass reduction for CS after 72 h) [51], proving a prolonged 

efficacy when using NEMs compared to free colistin. This effect was ascribed to NP penetration with 

accompanying sustained release of colistin in the biofilm [51].  

Lipid-polymer hybrid NPs have gained a great interest since they possess benefits from both delivery 

strategies. Levofloxacin-loaded phosphatidylcholine-coated PLGA NPs were prepared and examined 

against a P. aeruginosa biofilm. Compared to PLGA NPs, the hybrid NPs were more stable and resulted in 

a slower antibiotic release rate. They did not improve the biofilm affinity nor the antibacterial efficacy 

against planktonic bacterial cells, but on the other hand they did improve antibacterial efficacy against 

the biofilm-associated ones (0.1 % vs. 5 % survival rate). Since an effect was only observed on the biofilm, 

it was suggested, that the lipid-component may have enhanced the antibiotic diffusion into the biofilm 

matrix [60].  

In contrast to the bacteria itself, the matrix of extracellular polymeric substances (EPS) is highly exposed 

to the surrounding environment. Co-targeting the bacteria and the compounds of the EPS simultaneously, 

could potentially increase the penetration of antibiotics into the deeper layers of the biofilm (where 

tolerant dormant cells reside) [61]. This was exemplified by Baelo et al., who chemically functionalized 
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ciprofloxacin-loaded PLGA NPs with poly(lysine) to allow further functionalization with DNase I. The 

antimicrobial effect was assessed towards mature P. aeruginosa biofilms grown in flow chamber cells. 

Besides, providing the controlled release of ciprofloxacin, the incorporation of DNase I enabled targeting 

and disassembling of the biofilm by degradation of the eDNA that stabilized the biofilm matrix [23]. 

Compared to free ciprofloxacin, PLGA NPs loaded with ciprofloxacin decreased the planktonic bacterial 

population when applied in concentrations above 0.125 µg/ml. Chemical modification of PLGA with 

poly(lysine) resulted in the same effect against planktonic and biofilm-associated cells as compared to 

free ciprofloxacin. However, incorporation of DNase I significantly improved the efficacy of ciprofloxacin 

both in static and flow cell conditions. Therefore, DNase I modifications appear to be a promising 

approach. Moreover, repeated administration over three days of DNase I coated ciprofloxacin-

encapsulated PLGA NPs was able to eradicate more than 99.8 % of the established biofilm, outperforming 

all the other NP formulations and the free drug tested in this study [23].  

Another approach is to revert the biofilm bacteria back to their planktonic mode of growth, which was 

achieved through enzymatic depletion of available pyruvate using pyruvate dehydrogenase. This induced 

biofilm bacteria to disperse from the biofilm-associated mode of growth into the surrounding 

environment. However, a clinical use of enzymes is often not practical as the enzyme is susceptible to 

denaturation under storage, but encapsulation of pyruvate dehydrogenase in PLGA NPs was shown to 

disperse biofilms and maintain the enzymatic activity after being stored at 37 °C for 6 days [62]. 

Lastly, lytic bacteriophages (viruses that specifically kill bacteria) have received much attention as 

alternative to antibiotics in the treatment of pneumonia, however, their clinical use has been hindered by 

difficulties in delivering active phages to the deep lung. Interestingly, it was shown that phage-loaded 

polymeric PLGA MPs deposit throughout the lung via dry powder inhalation and that active phages were 

delivered and effectively reduced P. aeruginosa infections and the associated inflammation in mice [63].  
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Figure 2. (A) Anti-biofilm performance of ciprofloxacin-loaded PLGA NPs and PLGA MPs for 2 and 6 days treatment of 
P. aeruginosa and S. aureus grown on Calgary devices. Viable counts were monitored (I, II) and representative SEM 
were taken prior to treatment (III, IV) after 6 days of treatment with ciprofloxacin-loaded MPs (V,VI). Reprinted and 
adapted from [28] with permission from Elsevier (Copyright© 2016). (B) B. cepacia and P. aeruginosa biofilms grown 
under static conditions in artificial sputum medium (ASM) (I), under flow in Müller-Hinton broth (MHB) (II) and in 
static conditions in MHB (III). The biofilms were treated with pure tobramycin, drug free PEG-PLGA NP or MP or 
tobramycin-loaded PEG-PLGA NP/MP. Effect of treatment on the viability of B. cepacia and P. aeruginosa was 
monitored using confocal laser scanning microcopy (CLSM) (I, II) or CFU/mL counting (III). AMCA: fluorescent tag 
making NPs/MPs visible in blue. Viable (green) and dead (red) cells were visualized using the live/dead staining. 
Reprinted and adapted from [38] with permission from Elsevier (Copyright© 2018). (C) Colistin-loaded PLGA NP 
coated with PVA or CS observed with TEM (I), and subsequently embedded in a lactose carrier forming a nano-
embedded MP as seen from the representative SEM and CLSM image (II). Colistin-loaded NPs labelled with PLGA-
Rhod (red) were embedded for CLSM studies. Reprinted and adapted from [51] with permission from Elsevier 
(Copyright© 2015). 
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3. CHITOSAN (CS)-BASED DRUG DELIVERY SYSTEMS 

CS is a hydrophilic linear polysaccharide of randomly distributed β-1,4-linked D-glucosamine and N-acetyl-

D-glucosamine. It is biocompatible and biodegradable, thus an appealing biopolymer for many 

pharmaceutical applications [64–66]. CS is well known to hold antimicrobial properties [65,67]. For this, 

several modes of action have been proposed in the literature, but the mechanism is still not fully known. 

The first hypothesis (and the most accepted) describes electrostatic interactions as the positive charged 

chains in CS interact with the negatively charged bacterial cell surfaces resulting in cell membrane 

damaging and thereby, leakage of intracellular components [68–71]. In addition, it has also been 

suggested that CS chelates metal ions leading to production of toxins and thus, inhibiting enzyme activity 

resulting in bacterial death [14,69]. At last, a possible explanation can also be that CS can change the cell 

permeability by binding to the bacterial DNA thereby, exhibiting an antibacterial effect [14]. Moreover, 

CS has strong mucoadhesive properties therefore, it can bind to the mucins in the biofilm making it an 

attractive material for particulates against bacteria and biofilms [65,70,72]. One of the disadvantages of 

CS is that it can be degraded by lysozymes and this enzyme is heavily found in the body e.g. in the lungs 

[67]. Therefore, the stability of these particulates is also important to investigate. Information on the CS 

particulates and their effect on bacteria and biofilm can be found in Table 2. 

3.1. Production and characterization of CS formulations 

CS NPs can be produced in several ways, but the most standard method is ionic gelation [73–75]. This 

method is mainly suited for hydrophilic drug molecules, whereas if a hydrophobic drug is needed for 

encapsulation into the CS particles a co-solvent and a surfactant can be utilized to improve the apparent 

solubility of the drug [76]. CS particles have also been produced by spray drying [67,77] and this can be 

useful when a powder is needed as for example in pulmonary delivery. In addition, CS particles can also 

be prepared by emulsification often resulting in very small particle sizes [78]. 

It has been suggested that the penetration abilities of CS NPs into biofilms, for then to release their 

antimicrobial load, mainly depend on NP dimensions and surface charge. In particular, it has been 

reported that small cationic particles can penetrate biofilms more efficiently [19]. Chronopoulou et al. 

chose a molar ratio between the particle and antibiotic components which resulted in a size of 170 nm 

and a positive zeta potential of 12.2 mV. This was the optimal properties for achieving the best effect on 

eradicating a biofilm [19]. Ngan et al. also found that the smaller the size and the higher the zeta potential, 

the greater antibacterial activity was found for the CS particles when investigating for the bacteria, 

S. aureus [77]. The zeta potential of the particles is of course dependent on which drug is encapsulated. 

In the case of CS MP with an average size 721 nm, the zeta potential dropped when adding ciprofloxacin 

as the antibiotic. This meant that the particles without ciprofloxacin were more stable and did not have 

the same tendency to aggregate as the particles with the antibiotic [75]. 
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The encapsulation efficiency of drug into CS particles seems to increase with drug concentration up to a 

certain point and is highly dependent on the drug of choice and on the preparation method. By spray 

drying, it was reported that more than 80 % of a drug was encapsulated into the CS particles, and other 

studies have shown encapsulation efficiency of approximately 100 % depending on the acid and excipients 

used [67,73,77]. The drug loading efficiency was also found to be highly variable depending on the 

solvents and settings of the spray drier and was, in one study, varying from 7 and up to 40 % w/w with 

ciprofloxacin as the chosen antibiotic [67]. Unfortunately, most studies of CS particulates for biofilm 

treatment do not report their antimicrobial loading efficiency (see Table 2), an essential factor when 

wanting to evaluate the usability of the particles in a clinical setting. 

Release from CS particles was shown to be biphasic, when tobramycin was released from dextran sulfate 

NPs coated with CS. 15 % tobramycin was released within the first h, followed by a sustained release of 

25 % in 60 h [19]. Similarly, ciprofloxacin from CS-DNase I was released in a biphasic fashion with first a 

burst release of 44 % within 3 h, followed by a sustained release for the next 21 h with a total release of 

92 % [20]. In some cases, the drug release from CS particles was limited and very slow as an example from 

Kucukoglu et al. where an average release of 0.50 % of ciprofloxacin was observed within 24 h and the 

release was 0.54 % within the measurement period of 72 h [75]. In other reports, in vitro release of 

ciprofloxacin from CS particles was found to be improved compared to the dissolution of the pure drug. 

This can be explained by the poor solubility of the drug, and it was also found that ciprofloxacin was partly 

in its amorphous form, when encapsulated into CS particles, contributing to a better dissolution [67]. 

3.2. Molecular weight and degree of deacetylation  

Previously, it has been found that the molecular weight of CS has a great impact on the antibacterial effect 

of the polymer. For molecular weights between 5.5x104 to 15.5x104 Da, it was shown that the low 

molecular weight had a significant higher antibacterial activity compared to the higher ones against E. coli 

[79]. Liu et al. describe that the antibacterial activity of CS is dependent on the concentration of the –NH2 

groups on CS until the molecular weight of 9.2 x 104 Da. Above this molecular weight, it seems that the 

amino groups are too many and instead it provides a cross-linked structure through intramolecular 

hydrogen bonds and then the antibacterial activity decrease [80]. The antimicrobial efficacy of CS is 

generally stronger against Gram-positive bacteria than against Gram-negative ones [81]. NPs prepared 

from high molecular weight CS (500-550 kDa) showed a lower antimicrobial effect (20 to 25% killing) 

towards biofilms of Streptococcus mutans biofilms (Figure 3A), but with low molecular weight (20-150 

kDa), the CS particles had a very high effect with almost all the bacterial cells damaged [82]. 

Besides the molecular weight, degree of deacetylation (DD) and degree of substitution (DS) on the amino 

groups are important factors for the antimicrobial activity as they are contributing to the positive charge 

density of CS and thereby, the degree of electrostatic interactions [64]. In a study by Kong et al., they 

observed that when changing the DD from 83.7 to 63.6 %, the antibacterial effect of the CS formulation 

increased. This is due to the fact that with a low DD there are more acetyl groups presented in CS thereby, 



14 

 

resulting in a stronger hydrophobic effect between the polymer and the surface of the bacterial cell. 

Therefore, it was concluded that hydrophobic effects play an essential role in antibacterial activity of CS 

particulates [83].  

3.3. Antimicrobial activity on bacteria and biofilm  

There are many studies in the literature concerning CS particles encapsulating antimicrobials for 

destroying and eradicating bacterial biofilms [14]. CS particles with or without encapsulated drug are 

effective against a variety of bacterial strains such as E. coli, P. aeruginosa and S. aureus [75].  

Kawakita et al. compared a CS dispersion with CS MPs [84]. On planktonic S. mutans bacteria, the 

dispersion performed more efficiently. On mature biofilms, the MPs improved diffusion through the 

biofilm due to its size, high zeta potential and spherical shape and could then distribute all the way 

through the biofilm. The dispersion interacted with the cell wall but did not have the possibility to reach 

all the way through the biofilm. The MPs also had better availability of the protonated amino groups and 

therefore, had a high antibacterial activity [84]. 

In a study, investigating the antibacterial activity on six strains of P. aeruginosa, it was found that on 

planktonic bacteria and on mature biofilm, the CS solution was very efficient and there was a large or 

complete reduction on all six strains [69]. The particles (in a size from 249-342 nm) were not as effective 

as the solution on planktonic bacteria and on the biofilm. This can be explained by the fact that the 

particles are partially neutralized by the cross-linker (tripolyphosphate) used for when preparing the 

particles. Thereby, the activity is not as strong as the CS in solution which still has many positively charged 

functional groups [69]. Another plausible reason is that the solution easier permeates the EPS matrix of 

the biofilm resulting in a better antimicrobial effect, compared to the particles which diffuse slowly [69]. 

Even though, it was concluded that the CS solution was much more efficient than the particles, it is 

important also to notice that the effect was not the same on all six strains and some strains were more 

resistant than others. The authors speculate that this can be due to that some clinically important strains 

of P. aeruginosa enzymatically break down CS and thus, the activity will not be as strong on those strains 

[69]. 

Blank CS particles have an antibacterial activity and the effect get more pronounced when having an 

addition of an antibiotic and the effect is similar on various types of bacteria [67]. This was very 

pronounced in a study presented by Andrade et al., where an analog to nifuroxazide, N’-((5-nitrofuran-

2-yl)methylene)-2-benzhydrazide was developed. When encapsulated in CS particles, the drug had an 

increased effect (up to 3 times) compared to the pure drug or empty CS particles against three strains of 

S. aureus when measured the MIC values [76]. In a study by Ngan et al., amoxicillin was loaded into CS 

NPs and the antibiotic and CS solutions, in various concentrations, were used as controls. Here, it was 

found that CS NPs without amoxicillin had a strong effect on inhibiting growth of the bacteria, S. aureus. 

As expected, this effect was stronger when having a complex of amoxicillin and CS NPs and the MIC value 

decreased to 10 µg/mL compared to 60 µg/mL for the antibiotic solution. This effect is explained by that 
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the complexes can enter the cells and here release amoxicillin, thereby inhibiting the bacteria [77]. 

For achieving an antimicrobial effect that can last for a long time to be as efficient as possible and to 

potentially reduce the needed amount of doses in a clinical setting, Patel et al. found that the 

antimicrobial activity was up to 48 h for CS NPs encapsulated with ciprofloxacin. There was no sign of 

growth in a P. aeruginosa biofilm within this time frame, whereas for ciprofloxacin in solution considerable 

growth was observed after 48 h [20]. This can be explained by the fact that the NPs could easily penetrate 

into the biofilm and have a higher adhesion to the bacterial cells compared to an antibiotic solution. 

Furthermore, the controlled and sustained drug release also had a high impact on the longer duration of 

the effect [20].  

Many previous studies also report on the effect of the particles in various different setups for bacterial or 

biofilm growth. Jamil et al. saw that in a broth assay, the effect of CS NPs, with cefazolin encapsulated, 

was highest at the lowest drug concentration (200 µg/mL). This was not found in agar well diffusion 

studies, where the zone of inhibition was enlarged with increasing cefazolin concentration (up to 2000 

µg/mL). This difference, in the two assays, was most likely observed because the drug permeation was 

inhibited in the agar gel network [73]. Chronopoulou et al. took a different approach compared to 

standard CS particles and produced particles of dextran sulfate containing the antibiotic tobramycin and 

then coated with CS to utilize the cationic properties of CS in this way. It was found that the development 

of P. aeruginosa biofilms were not affected with the complexes of dextran sulfate and CS without the 

antibiotic. When using the complexes with tobramycin and in the same concentration as the effective 

dose of free tobramycin, a 90 % reduction in biomass of the biofilm was observed. Thus, the effect was 

much better than for the free tobramycin [19].  

It can be essential to evaluate how the interaction is between the particles and bacteria. By a Transmission 

electron microscopy (TEM) evaluation performed by Kucukoglu et al., it was found that ciprofloxacin-

loaded CS NPs were internalized by the bacteria. The average size of these particles were 721 nm, but 

only the fraction of the particles being smaller than 200 nm were internalized by the bacteria. For most 

of the E. coli cells, the cell wall and membrane were ribbed and for S. aureus most of the cells were lysed 

or fragmented [75].  

3.4. Combinational strategies 

There has been much research on chemical modification of CS or combining CS with other molecules for 

improved antibacterial effects. Alginate has frequently been combined with CS through crosslinking using 

the crosslinking agent, CaCl2.  

Combining CS together with alginate in particulates resulted in an effective antibacterial effect, where in 

a simple agar diffusion assay, 20 μg of the MP inhibited the growth of the bacteria of S. aureus, 

Enterococcus faecalis, P. aeruginosa, and Proteus vulgaris with inhibition zones of 12, 9, 6, 3 mm, 

respectively [85]. The particles were evaluated for their ability to reduce biofilm formation. Light 

microscopy revealed that the biofilm was disrupted after 24 h with the use of 40 μg particles. The same 
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trend in reduction was observed for four different biofilms consisting of clinical strains of S. aureus, 

E. faecalis, P. aeruginosa, and P. vulgaris [85]. Therefore, it was concluded by the authors that the 

combination of alginate and CS are effective against biofilm formation and could be a good choice of 

polymer materials for particles against biofilm. 

The effect of CS/alginate NPs encapsulated with tobramycin was also studied in vivo utilizing a Galleria 

mellonella model (a step towards a PA01, P. aeruginosa infection). The percentage of survival showed 

that there was a similar therapeutic effect of the free tobramycin and when encapsulated in the particles. 

When pre-treating with tobramycin, 96 h before inoculation of P. aeruginosa, survival rates increased to 

80 % for the NPs and 40 % for the free tobramycin, showing that the NPs were much more effective when 

used as prophylactic [22]. The CS/alginate particulates were further engineered with DNase I, with the 

aim of overcoming the mucus barrier in the lungs, by reducing mucus viscoelasticity by DNA cleavage [86], 

thus being able to deliver tobramycin, in a more deficient way [22]. With the addition of DNase I, it was 

possible to degrade DNA in the clinical isolates in CF sputum. Furthermore, it was found that the NPs was 

easier transported across the sputum layer when DNase I was conjugated to the particles [22]. Also, they 

assessed the antimicrobial efficacy of the particulates against P. aeruginosa using viable counting and 

found that the DNase I conjugated tobramycin NPs were either equally effective or superior to the free 

tobramycin (Figure 3B). Simple CS NPs loaded with ciprofloxacin were also functionalized with DNase I in 

a study by Patel et al. [20]. The functionalized particulates killed the P. aeruginosa biofilm-associated cells 

more efficiently than ciprofloxacin in solution. The particles without DNase I were as effective on the 

biofilm, but when functionalized with DNase I, ciprofloxacin was delivered deeper inside the biofilm [20]. 

This will be a great advantage for a thick biofilm which can often be found in the clinic. Therefore, the 

authors concluded that the functionalization with DNase I on CS NPs can be a safe and efficient approach 

to treat a P. aeruginosa biofilm infection in CF [20]. 

Alginate plays a major role in mucoid P. aeruginosa biofilm as it for example has great impact on cell 

adhesion, cell to biofilm connectivity and biofilm progression. Furthermore, it forms a three-dimensional 

structure making it difficult for antibiotic to penetrate and thereby, eradicate the biofilm. Therefore, it 

has been shown to be effective to functionalize CS NPs with alginate lyase as this enzyme can break down 

some of the structures within the biofilm [21]. For example, alginate lyase was bound covalently on the 

surface of CS particles and these particles reduced the biomass four times compared to an untreated 

biofilm. For the particles without the enzyme, the biomass was 1.5 times lower than the untreated biofilm 

[21]. This improved effect was explained by the authors to be due to the ability of alginate lyase to disrupt 

the EPS matrix of the biofilm. This is an effective approach for particles to penetrate into biofilm-

associated infections with P. aeruginosa. 

CS particulates have also been combined with other well-known polymers such as PLGA. Functionalization 

of clarithromycin (CAM)- or tobramycin-loaded PLGA NPs with CS was evaluated against Staphylococcus 

epidermidis or P. aeruginosa, respectively [53,87]. The presence of CS increased the NP size and resulted 

in a positive surface charge, in contrast to the negative surface charge of the PLGA NP. Live/dead staining 

of the biofilm revealed 38 % viable bacteria after treatment with CS-CAM-PLGA-NPs, in contrast to CAM-
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PLGA-NPs, PLGA NPs and free CAM, where 47 %, 69.8 % and 63.4 % of the bacteria survived, respectively, 

proving the beneficial effect of combining PLGA and CS in NPs [53].  

For improving the antimicrobial efficacy of CS, it has been suggested to combine it with silver, zink oxide 

or both of these metals. Silver has shown to have a very broad spectrum of activity against microorganisms 

[88], and zinc oxide has been studied for its antibacterial properties [89]. Thaya et al. produced complexes 

of CS, silver and zinc oxide and observed that with zinc oxide the particles went from a rough surface to 

rod-shaped particles [90]. The particulate complexes of CS, silver and zinc oxide provided an antibacterial 

effect in terms of MIC values against a variety of bacteria such as Gram-positive bacteria (Bacillus 

licheniformis and B. cereus) and Gram-negative bacteria (Vibrio parahaemolyticus and P. vulgaris) [90]. In 

addition, when investigating the effect of these complexes on biofilm, the EPS production was significantly 

reduced to 40-86 % compared to the control group with the effect being largest for the Gram-positive 

bacteria [90].  

Liposomes have often been reported in the literature as vehicles for antibiotics and with good effect, but 

stability can often be an issue [91]. Therefore, Qiu et al. decided to investigate the effect of a 

phosphatidylcholine-CS liposome NP loaded with gentamycin. Here, CS was the core of the particle, and 

then the lipid layer was surrounding this, followed by adsorption of gentamycin to the lipid surface [92]. 

Biofilms were formed by Listeria monocytogenes (Gram-positive) and P. aeruginosa (Gram-negative). 

Phosphatidylcholine-CS liposome NPs with adsorbed gentamycin reduced and inhibited the biofilms 

substantially compared to the antibiotic itself with or without chitosan (Figure 3C). The effect was the 

same even with the biofilms matured at different time points up to 48 h and was observed to be almost 

as effective on both Gram-positive and Gram-negative biofilms [92]. 

As can be seen above, CS particles have a strong effect on biofilms of various bacterial strains. There are 

still challenges with inter-laboratory reproducibility and also obstacles in completely understanding the 

physicochemical principles explaining the formation of the particles. This has delayed the introduction of 

CS particles to the market in their function as antimicrobials [93]. 
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Figure 3. (A) Antimicrobial effect of different chitosan-tripolyphosphate complexes in S. mutans biofilms. 3D biofilm 
reconstructions show results with the live/dead stain (green: viable cells, and red: damaged cells) at different depths 
of the biofilms. Group A: High degree of deacetylation (DD), low molecular weight (Mw), Group B: High DD, High Mw, 
Group C: Low DD, low Mw. Reprinted and adapted from [82] with permission from American Society for Microbiology 
(Copyright© 2011). (B) Tobramycin-loaded alginate/CS NPs functionalized with DNase for DNA degradation improve 
NP penetrations through CF sputum. Tagging the NPs with rhodamine enabled tracking of the penetration, which 
revealed that DNase-functionalized NPs had improved penetration properties (I). The antimicrobial efficacy against 
P. aeruginosa in sputum samples was assessed using viable counting and the DNase I conjugated tobramycin NPs 
were either equally effective or superior to the free tobramycin (II). Reprinted and adapted from [22] with permission 
from Elsevier (Copyright© 2015). (C) L. monocytogenes (I) and P. aeruginosa (II) biofilms were exposed to gentamycin-
loaded phosphatidylcholine-CS NPs (GPC NPs) loaded with gentamycin, equal amount of gentamycin (GEN), or the 
simple mixture of gentamycin and CS (SIM) for 24 h. Biofilm mass was determined using crystal violet assay. Scale 
bars: 50 µm. Reprinted and adapted from [92] with permission from Elsevier (Copyright© 2020). 
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4. POLYCAPROLACTONE (PCL)-BASED DRUG DELIVERY SYSTEMS 

PCL is a hydrophobic aliphatic polyester-based polymer, and is mostly used in combination with other 

polymers to create a particulated system. Furthermore, PCL is biodegradable, biocompatible and a FDA-

approved polymer [24,65,94]. The degradation of PCL is slower than for example PLGA which means that 

PCL is suitable for formulations intended for long-term drug delivery. Moreover, it also has the ability to 

provide a sustained drug release [65,94]. PCL particles are negatively charged and the interaction between 

these particles and bacteria are due to hydrogen binding [15]. An overview of reported use of PCL particles 

for encapsulating antibiotics to eradicate biofilms can be found in Table 3. 

4.1. Production and characterization of PCL formulations 

The preparation of PCL particles has been done using multiple techniques such as emulsion solvent 

evaporation, diffusion solvent evaporation, spray drying and hot-melting [15,95,96]. Also more 

straightforward methods such as simple suspension has been applied [94].  

Drug release from PCL particulates occur by erosion from the matrix and by diffusion of drug through the 

polymer matrix. It can be a challenge to encapsulate hydrophilic drugs inside the hydrophobic NP shell as 

there is a low affinity between the drug and the polymer [97]. It has been exemplified by Kho et al., where 

the encapsulation efficiency of levofloxacin, was only 5–10 % resulting in a drug loading of 0.4 % w/w [94]. 

The release of levofloxacin from the PCL particles was 90 % within 3 h. This shows, that most likely, the 

drug was adsorbed to the surface of the particles instead of being encapsulated [94]. On the other hand, 

Ferreira et al. observed a drug loading of 13-19 % of either the antibiotics daptomycin or vancomycin, 

where the encapsulation efficiencies were found to be up 83 % [15]. Here, the release was much lower 

than observed by Kho et al. as the release was a maximum of 10 % over 72 h.  

PCL particles can further be modified to obtain a better antimicrobial effect. A complex particulate system, 

presented in the literature, is linear polymer-dendrimer hybrids which have been made of for example 

poly ester amine dendrimer (PEA) as the dendrimer core and methoxypoly(ethylene glycol)-b-poly 

(ε-caprolactone) (mPEG-b-PCL) linear block polymer as the shell. Here, PCL has the properties of being 

hydrophobic and thereby, providing higher stability, increased mechanical strength of the vesicle 

membrane and improved drug loading capacity compared to if PEG was the only compound in the shell 

[98]. 

4.2. Antimicrobial activity on bacteria and biofilm  

PCL NPs encapsulated with a combination of imipenem/cilastatin were shown to have better antibacterial 

effect compared to PLGA encapsulated with the same compounds or to the free drugs. This effect could 

be due to the smaller size (132 nm) of the PCL particles compared to the PLGA NPs with a size of 348 nm 

[95]. In contrast, in a comparative study with PLGA and PCL either encapsulating levofloxacin or 

ciprofloxacin, it was found that the PLGA encapsulating ciprofloxacin was the most promising compared 

to the PCL. The main difference was the amount of drug which could be encapsulated into the particles. 
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Moreover, the drug release was also faster from the PLGA matrix compared to the PCL which resulted in 

a better antibacterial effect as it gave a higher local drug concentration [27].  

For PCL MPs encapsulating either daptomycin or vancomycin, a large difference was observed between 

the use of the two antibiotics (Figure 4A). For the formulation with vancomycin, no or very little effect 

was observed both in the antibacterial effect and with the interaction with the biofilm. For the daptomycin 

formulation in a Methicillin-resistant S. aureus (MRSA) biofilm, it was observed that the biofilm after 

incubation with the particles was reduced to single bacteria. For an S. epidermidis biofilm, then it seemed 

more tolerant and it was not possible to eradicate the biofilm, but some disruption was visualized [15]. 

Also, PLGA and PCL have previously been combined to deliver doxycycline to E. coli biofilms. It was found 

that the doxycycline-loaded PLGA:PCL NPs decreased MIC and the minimal bactericidal concentration 

(MBC) as compared to free doxycycline. Furthermore, the NP-encapsulated doxycycline prevented growth 

of E. coli for five days, whereas the same concentration of free doxycycline regrowth occurred already 

after the second day, an effect probably caused by the protective effect and controlled release from the 

PLGA:PCL NPs [99].  

Linear polymer-dendrimer hybrids with PEA and mPEG-b-PCL were shown to have a 7- and 16-fold 

decrease in MIC compared to the controls against the two bacteria S. aureus and MRSA and the effect 

was shown to last for up to 120 h compared to the controls, where the was no effect after 24 h [98]. The 

size of the particles was only approximately 50 nm and the authors emphasize that the smaller the 

particle, the higher surface area to volume ratio is obtained resulting in a better distribution and 

adsorption to the surface of the bacteria [98]. The hybrids were further tested on MRSA biofilms and by 

fluorescence microscopy, and it was observed that the hybrids caused a great reduction in biofilm biomass 

compared to the controls due to a destruction of the biofilm and the cell membranes of MRSA (Figure 4B). 

In addition, vancomycin was encapsulated into the hybrids and were then investigated in vivo on a mouse 

skin infection model, and here, the hybrids had a 103-fold reduction of bacteria compared to the 

untreated mouse group [98]. Lipid-core nanocapsules (LCN), which are composed of a lipid core, covered 

by a polymeric shell of PCL, have been proposed to overcome the biological barrier of mucus [100]. 

Ciprofloxacin-loaded LCN (approximately a size of 180 nm) showed a 50 % increase in drug permeation 

through mucus. Interestingly, formation of biofilm-like aggregates of S. aureus were observed when 

treating with free ciprofloxacin, and these were avoided when treating with LCN (Figure 4C) [100]. 
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Figure 4. (A) Cumulative release (%) of daptomycin (circle) and vancomycin (square) from PCL MPs. Results are 
presented as mean±SD (n=3) (I). Fluorescence in situ hybridization (FISH) of S. epidermidis (II) and methicillin-resistant 
S. aureus (MRSA) (III) biofilms after 24 h incubation with daptomycin- and vancomycin-loaded PCL MPs. Magnification: 
400x. Reprinted and adapted from [101] with permission from Dove Medical Press (Copyright© 2015). (B) Evaluation 
of the antibacterial effect of bare vancomycin (VCM), blank and vancomycin loaded 3-mPEA NPs (V-3-mPEA) against 
MRSA. mPEA= a linear polymer dendrimer hybrid star polymer comprising of a generation one poly (ester-amine) 
dendrimer (G1-PEA) and a diblock copolymer of methoxy poly (ethylene glycol)-b-poly(ε-caprolactone) (mPEG-b-PCL). 
Numbers are presented as mean±SD, n=3 (I). Fluorescence microscopy micrographs of the untreated, vancomycin 
treated and vancomycin-3-mPEA treated MRSA biofilms stained with Syto9 and propidium iodide. Scale bar: 100 µm 
(II). Reprinted and adapted from [98] with permission from Elsevier (Copyright© 2018). (C) Lipid-core nanocapsules 
(LCN) loaded with ciprofloxacin showed antimicrobial activity against the Gram-negative Pseudomonas aeruginosa (I) 
and Gram-positive S. aureus Newman (II). Values are expressed as mean±SD. Reprinted and adapted from [100] with 
permission from Elsevier (Copyright© 2017). 
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Table 1. Overview of poly(lactide-co-glycolic) acid (PLGA) nanoparticles (NPs) and microparticles (MPs) tested for drug delivery to biofilms. 

Additional functionalization Antimicrobial agents Size Charge (mV) Antimicrobial 

load (% w/w)* 

Preparation method Biofilm Antibacterial study type Ref. 

Poly-lysine (PL) 
DNase I 

Ciprofloxacin 214 – 273 nm Without PL/DNase: 
-12.9±11.2 
With PL/DNase: 
28.9 – 33.5 

0.2-0.3 Nanoprecipitation P. aeruginosa 
S. aureus 

MIC 
CFU of biofilms (PEG lids) 
Confocal monitoring in flow chambers 

[23] 

- Ciprofloxacin or 
levofloxacin 

170 – 240 nm N/A 0.5-2.3 Emulsion solvent evaporation E. coli MIC 
MBIC 
Dose-kill monitoring 
5-day time-kill study 

[24] 

- Levofloxacin 80 – 190 nm N/A 0.7-1.1 Nanoprecipitation and 
emulsion solvent evaporation 

E. coli MIC 
MBIC 
Dose-kill monitoring 
5-day time-kill study 

[27] 

- Ciprofloxacin 0.3 µm 
12 µm 

NP: -4.1  
MP:-4.5 

NP: 4.3 
MP: 7.5 

Emulsion solvent evaporation P. aeruginosa 
S. aureus 

MIC 
MBEC 
6-day time-kill study  

[28] 

Chitosan Antimicrobial 
decapeptide (KSL-W) 

6.8 – 80 µm N/A 1.8-7.2 Electrospraying and combined 
crosslinking-emulsion method 

F. nucleatum Disc diffusion assay [34] 

PEG Tobramycin 225 – 902 nm -36.3 – (-9.6) 0.1-0.2 Emulsion solvent diffusion P. aeruginosa 
B. cepacia complex 
(Bcc) 

MIC 
MBEC 
Confocal monitoring in static and flow 
chambers 

[38] 

- Ciprofloxacin 237 nm -21.0±4.3 13.3 Nanoprecipitation P. aeruginosa Agar well diffusion [39] 

Phosphatidylcholine Carvacrol 210 nm -19.0±3.0 21.0 Solvent displacement S. epidermidis Rheological characterization of biofilm [42] 

- Nitric oxide precursor 172 – 556 nm 
2.8 – 9.8 µm 

N/A NP: 0.1-0.5 
MP: 0.8-2.3 

Emulsion solvent evaporation S. aureus MIC 
MBEC 
Alamar blue 

[43] 
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Poloxamer-188 
Alginate (Alg) 
PEG 
Chitosan (CS) 
Poly(vinyl alcohol) (PVA) 

Tobramycin 200 – 1000 nm 
11 – 12 µm 

All except with CS: 
App. -36 – 0 
With CS: 
App. 18 – 70 

0.8-2.0 Emulsion solvent diffusion 
followed by spray drying 

P. aeruginosa MIC [44] 

- Gentamycin 241 – 359 nm -0.4 – 2.3 0.6-2.2 Emulsion solvent evaporation P. aeruginosa MIC 
MBC 
MBEC 
Peritoneal murine infection model 

[48] 

Chitosan 
Polyvinal alcohol (PVA) 

Colistin 267 – 330 nm 
6.4 – 14.4 µm 

CS: 12.4±2.1 
PVA: -7.1±1.4 

1.3 Emulsion solvent diffusion 
followed by spray drying 

P. aeruginosa Crystal violet assay [51] 

Acetylcysteine and curcumin Tobramycin, 
ciprofloxacin or 
azithromycin 

105 nm 
2.2 – 2.6 µm 

NP: -9.1±4.6 N/A Nanoprecipitation followed 
by spray drying 

P. aeruginosa Dose-kill monitoring [52] 

Pluronic F68 Amikacin 340 – 447 nm -42.9 – (-29.8) 2.6 Emulsion  P. aeruginosa MIC 
MBC 
MBEC 

[54] 

PEG Gentamycin 140 – 919 nm -5.5 – 0.4 2.9-7.9 Extraction  P. mirabilis  
E. coli 
P. aeruginosa 
S. aureus 

MIB 
MBC 

[56] 

D-a-tocopherol polyethylene 
glycol 1000 succinate (TPGS) 

Azithromycin 71 – 98 nm -49.2 – (-26.8) 2.5-5.5 Microfluidic chip P. aeruginosa Confocal monitoring in flow chambers [57] 

D-a-tocopherol polyethylene 
glycol 1000 succinate (TPGS) 

Azithromycin 92 – 93 nm -28 – (-27) N/A Microfluidic chip P. aeruginosa Confocal monitoring of penetration 
MIC 
Prevention of biofilm formation 
Eradication of pre-formed biofilms 
Virulence factor monitoring 
Bacterial motility  

[58] 

Pyruvate dehydrogenase - 267 nm -13.9 – (- 12.3) 0.5-0.8 Emulsion P. aeruginosa Confocal microscopy [62] 

- Bacteriophages 8.0 µm N/A 2.6×106 p.f.u. 
mg−1  

Emulsion P. aeruginosa OD growth monitoring in sputum 
Confocal microscopy 
In vivo model 

[63] 
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Chitosan Tobramycin 187 – 575 nm PLGA: -2.8 
CS-functionalized: 
33.47 – 50.13 

30.8-45.9 Solvent evaporation P. aeruginosa MIC 
MBEC 

[87] 

- Imipenem and 
cilastatin 

348 nm 15±0.6 17.2 Emulsion solvent evaporation K. pneumonia 
(clinical isolates) 
P. aeruginosa 

Agar well diffusion 
MIC 
Mutation prevention concentration 
Carbapenemase production by 
Modified Hodge Test (MHT) 
Time-kill monitoring 

[95] 

Magnetic particles Ciprofloxacin 221 nm 
1.5 µm 

N/A NP: 2.8 
MP: 3.7 

Emulsion solvent evaporation P. aeruginosa Agar well diffusion [102] 

Methylated β-cyclodextrin 
(βCD) 
Hydroxypropyl-β-cyclodextrin 
(HPβCD) 

Chlorhexidine 26.7 – 45.1 µm N/A 6.1-16.8 Emulsion solvent evaporation P. gingivalis Agar well diffusion [103] 

- Gentamycin App. 60 µm N/A 2.5-13.4 Emulsion solvent evaporation  S. aureus Agar well diffusion [104] 

Chitosan Clarithromycin 251 – 357 nm PLGA: -18.2±0.7 
CS-functionalized: 
17.4±1.2 

N/A Emulsion solvent diffusion S. epidermidis Biofilm adhesion 
MIC 
MBC 
Live/dead-monitoring in well plate 

[105] 

Chitosan Clarithromycin 358 nm 24.2±0.6 N/A Emulsion solvent diffusion S. epidermidis CFU counting 
Live/dead-monitoring in well plate 
FE-TEM imaging of biofilm 

[106] 

* Antimicrobial loads are giving as % w/w unless otherwise stated and in certain cases it has been recalculated from a given µg drug per mg polymer 

Abbreviations: N/A = non-available or non-applicable, CFU= colony forming units, EPS = extracellular polymeric substances, MIC = minimum inhibitory concentration, MBC = minimum bactericidal concentration, MBEC = minimum 
biofilm eradication concentration, MBIC = minimum biofilm inhibitory concentration, OD = optical density 
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Table 2. Overview of chitosan (CS) nanoparticles (NPs) and microparticles (MPs) tested for drug delivery to biofilms. 

Additional functionalization Antimicrobial 
agents 

Size Charge (mV) Antimicrobial 
load (% w/w)* 

Preparation method Biofilm Antibacterial study type Ref. 

Dextran sulfate (DS) Tobramycin 170 – 1250 nm DS: -4.9 – 2.4 
CS-DS: App. 12-16 

N/A Ionic gelation P. aeruginosa (PAO1 
and PA-nonM) 

MIC 
Crystal violet assay 

[19] 

DNase I Ciprofloxacin 197 – 205 nm 14.6 – 15.3 N/A Ionic gelation followed by 
freeze drying 

P. aeruginosa MIC 
MBC 
MBEC 
Confocal microscopy of fixed biofilms 

[20] 

Alginate lyase Ciprofloxacin 191 – 206 nm 12.2 – 14.6 N/A Ionotropic gelation followed 
by freeze drying 

P. aeruginosa MIC 
MBC 
MBEC 
Confocal microscopy of fixed biofilms 

[21] 

Alginate, DNase I Tobramycin 505 – 538 nm -28.0 – (-25.7) 4.1-9.2 Emulsion P. aeruginosa MIC 
Galleria mellonella in vivo model for P. 
aeruginosa infection 

[22] 

- - 249 – 342 nm 14.0 – 15.0 N/A Ionic gelation P. aeruginosa (six 
different strains) 

CFU monitoring of planktonic bacteria 
and biofilms 
SEM 

[69] 

- Ciprofloxacin 712 – 721 nm 32.3 – 48.4 N/A  Ionic gelation E. coli 
P. aeruginosa 
S. aureus 

MIC 
MBC 
TEM 

[75] 

Polysorbate 20 micelles Analog to 
nifuroxazide 

320 – 523 nm 32.3 – 47.1 N/A Ionic gelation followed by 
freeze drying 

S. aureus MIC [76] 

- - 20 – 1000 nm N/A N/A Ionic gelation S. mutans Confocal monitoring of biofilms in 
flow chambers 

[82] 

- - 5.6 µm 58.7±3.7 N/A Spray drying S. mutans MIC 
MBC 
5-day in vitro antibiofilm model 

[84] 
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Alginate - 50 – 100 µm N/A N/A Addition method  S. aureus 
E. faecalis 
P. aeruginosa 
P. vulgaris 

Zone of inhibition 
Crystal violet visualization 
Confocal microscopy 
SEM 

[85] 

Ag/ZnO - 100 – 200 nm N/A N/A Ionic gelation B. licheniformis 
B. cereus 
V.  parahaemolyticus 
P. vulgaris 

MIC 
Hydrophobicity assay (BATH) 
EPS production monitoring 
Crystal violet assay 
Confocal microscopy monitoring 

[90] 

Phosphatidylcholine Gentamycin 76 – 137 nm CS: App. 33 
CS-PC:  
-26.7 – (-19.5) 

N/A Ionotropic gelation followed 
by freeze drying 

L. monocytogenes 
S. aureus 
E. coli 
P. aeruginosa 

MIC 
Crystal violet assay 
Fluorescence microscopy 

[92] 

N,O-octanoyl 
Leucine 

Levofloxacin 137 – 490 nm 
3.8 – 5.8 µm 

CS/octanoyl: 
1.7 – 4.0 
Leucine: 
-11.4±0.6 

N/A Spray drying P. aeruginosa MIC [107] 

DNAse Oxacillin 158 – 167 nm 8.3 – 11.4 N/A Ionic gelation S. aureus (clinical 
isolates) 

MIC 
Crystal violet assay 
Confocal microscopy 

[108] 

* Antimicrobial loads are giving as % w/w unless otherwise stated and in certain cases it has been recalculated from a given µg drug per mg polymer 

Abbreviations: N/A = non-available or non-applicable, CFU= colony forming units, EPS = extracellular polymeric substances, MIC = minimum inhibitory concentration, MBC = minimum bactericidal concentration, MBEC = minimum 
biofilm eradication concentration, SEM = Scanning electron microscopy, TEM = Transmission electron microscopy 
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Table 3. Overview of polycaprolactone (PCL) nanoparticles (NPs) and microparticles (MPs) tested for drug delivery to biofilms. 

Additional functionalization Antimicrobial 
agents 

Size Charge (mV) Antimicrobial load 
(% w/w)* 

Preparation method Biofilm Antibacterial study type Ref. 

- Daptomycin and 
vancomycin 

1.2 – 1.4 µm -17.6 – (-15.9) 12.6-18.9 Emulsion solvent evaporation S. aureus (MRSA) 
S. epidermidis 

MIC 
MBC 
MHIC 
MBIC 
FISH 

[15] 

- Ciprofloxacin or 
levofloxacin 

170 – 230 nm N/A 0.3-0.5 Emulsion solvent evaporation E. coli MIC 
MBIC 
Dose-kill monitoring 
5-day time-kill study 

[24] 

- Levofloxacin 110 – 230 nm N/A 0.3-0.4 Nanoprecipitation and 
Emulsion solvent evaporation 

E. coli MIC 
MBIC 
Dose-kill monitoring 
5-day time-kill study 

[27] 

Pluronic F-68 
Mannitol 
Lactose 
Leucine 

Levofloxacin App. 270 nm 
4.8 – 6.5 µm 

N/A 0.4 Spray drying E. coli CFU monitoring [94] 

- Imipenem and 
cilastatin 

132 nm 17±1.6 17.7 Emulsion solvent evaporation K. pneumonia 
(clinical isolates) 
P. aeruginosa 

Agar well diffusion 
MIC 
Mutation prevention concentration 
Carbapenemase production by 
Modified Hodge Test (MHT) 
Time-kill monitoring 

[95] 

Poly ester amine dendrimer 
(PEA) 
Methoxypoly(ethylene 
glycol)-b-poly (ε-
caprolactone) (mPEG-b-PCL) 
linear block polymer 

Vancomycin 52  – 59 nm -7.3±1.3 19.1 Solvent evaporation S. aureus (SA and 
MRSA) 

MIC 
TEM 
Fluorescence microscopy 
Flow cytometry 
CFU monitoring 
In vivo mouse model 

[98] 

Sorbitan monostearate Ciprofloxacin 182 nm -21.3±2.6 1.85 Interfacial deposition of 
polymer 

S. aureus 
P. aeruginosa 

CFU monitoring [100] 

* Antimicrobial loads are giving as % w/w unless otherwise stated and in certain cases it has been recalculated from a given µg drug per mg polymer 

Abbreviations: N/A = non-available or non-applicable, CFU= colony forming units, FISH = Fluorescence in situ hybridization, MIC = minimum inhibitory concentration, MBC = minimum bactericidal concentration, MBEC = minimum biofilm 
eradication concentration, MBIC = minimum biofilm inhibitory concentration, MHIC = Minimal heat inhibitory concentration, TEM = Transmission electron microscopy  
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5. DISCUSSION AND FUTURE OUTLOOK  

Since the development of new antibiotics has been stalled for many years, the research within NP- and 

MP-systems for encapsulation of antibiotics has grown tremendously. The essential key for solving the 

enigma of fighting bacterial infections and biofilms is still unsolved, and a solution is urgently needed. One 

of the key elements of antibiotic resistance, besides genetic mutations, is believed to be the mode of 

growth in biofilms. Biofilms are capable of evading the host immune defense and show an increased 

tolerance towards antibiotics. There are many promising particle-based strategies towards combating 

biofilms, but none of the polymeric particulates have succeeded to reach the clinic just yet. The reason 

could be that the local concentration of the antibiotics in the biofilm is not sufficiently high or long-lasting 

and strategies to deliver and preserve the activity of existing antibiotics are needed.  

A promising approach for eradicating biofilms and bacterial infections is to provide a long retention of 

sustain release particles. This has been investigated, as an example, for Helicobacter pylori treatment in 

the stomach. Here, CS MPs were prepared and loaded with tetracycline for the purpose of increasing the 

local drug concentration in the stomach [109]. Unfortunately, in the following study it was seen that the 

CS MPs did not have a gastric retention when investigating in vivo in gerbils. After 2 h, only approximately 

10 % of the CS particles with tetracycline were still found in the stomach and the residence time did not 

seem to be increased compared to controls, and after 6 h post oral dosing the MPs were mainly found in 

the colon [110]. For Hejazi et al. to improve the gastric residence time and thereby, the local delivery of 

tetracycline, the CS MPs were cross-linked with glyoxal and then tested in vivo in gerbils. After 2 h from 

the oral dosing, 17 % of the cross-linked particles were found in the stomach compared to 10 % of non-

cross-linked MPs, however after 6 h, all the CS particles (both cross-linked and non-cross-linked) were in 

the colon. Hence, the cross-linking improved the retention of the particles in the stomach [111], but the 

effect should ideally be more pronounced.   

5.1. Antimicrobial delivery by the use of device-like structures 

Yazdi et al. have fabricated porous silicon-based MPs and were thereby able to control the release of 

cefazolin. A high dose of up to 452 µg of cefazolin was loaded into 107 mesoporous MPs depending on the 

porosity, pore size and pore volume of the silicon. All the silicon MPs had, independent of their pore size, 

a mean size of 3.2 µm [112]. The drug release was tuned depending on the pore size of the material hence, 

the smaller the pore size the slower the drug release, probably due to limitations of drug diffusion through 

the small pores (down to 3 nm). At day 5, a complete drug release was obtained and by then the silicon-

based material also seemed to be degraded. This sustained drug release resulted in a long-term 

eradication and prevention of S. aureus [112].  

One strategy also based on micro- and nanotechnology is the use of microfabricated devices [113,114]. 

Such devices are e.g. shaped as microcontainers. These are cylindrical in shape and only have one side 

open, providing unidirectional release. They are about 250 µm in diameter and in height, and can 



29 

 

therefore have a much higher drug load (of approximately 4 µg per container) compared to NP and MPs. 

After loading the microcontainers with ciprofloxacin, they were coated with a lid of either PEG, CS or 

Eudragit® S100 [115]. One of the features of the microcontainers is that they are known to be engulfed by 

the mucus layer [116,117] and therefore, they can have great potential in eradicating biofilms [115]. When 

applying the ciprofloxacin-loaded microcontainers to a PAO1 biofilm, up to 88 % of the biomass close to 

the opening of the microcontainer was killed, whereas only 26 % of the bacterial cells were killed by a 

bolus dose of the antibiotic [115]. Furthermore, CS was shown to be the most promising polymer for the 

lid of the microcontainers. This could be due to the antimicrobial properties of CS but also due to the fact 

that ciprofloxacin was released in a sustained fashion through the CS lid [115]. This further led to another 

study where biofilms were grown in mucus and the CS-coated microcontainers, again loaded with 

ciprofloxacin resulted in 73 % killed biomass, however, interestingly, if the mucolytic agent, 

N-acetylcysteine, was incorporated into the CS lid coating, killing was improved (88 %) [118]. 

Giovanni Traverso and co-authors have several publications on different devices providing long gastric 

retention [119]. These devices are typically in the cm size regime and are as such not a particulated 

system. However, they show an interesting alternative towards localized delivery. One of such devices is 

a drug depot system intended for long residence time in the stomach and prolonged drug release. This 

device was delivered through the nasogastric route and could release high doses of antibiotics over a 

period of several weeks when tested in vivo in pigs [120]. Another type of device, this one for oral 

administration, was an ultra–long-acting capsule which dissolved in the stomach and then developed into 

a star-shaped system that could not pass to the intestine due to its size and shape. The device released 

small molecules in the stomach, for up to weeks, and after releasing, the device was degraded and could 

then pass through the gastro-intestinal tract [121]. Later, a similar device was developed from the same 

group. Here, the device had a central core of Elastollan®1185 from which six arms were pointing out. The 

arms were made in either PLA or Elastollan®R6000. This delivery system could fold and recoil when 

reaching the stomach after oral dosing and can contain one drug dose in each arm. Again, this delivery 

system had a long residence time in the stomach for then to disintegrate whereby the remaining device 

pieces travelled through the gastro-intestinal tract [122]. Further investigations of the effect on similar 

devices on gastric biofilms could be of great interest.   

5.2. Advanced particulated systems for antimicrobial delivery 

Previously, N-acetylcysteine or cysteamine have been incorporated into NEMs, each compound having a 

specific action in the improvement of pulmonary function in CF patients [123]. The NEMs consisted of a 

nano-sized polyanion tobramycin complex (PTC) encapsulated in PVA MPs. The NEMs properties were 

compared to TOBIPodhaler (Novartis), the only commercially available dry powder inhalatory formulation 

based on porous MPs. Here, an increased drug diffusion through a mucus section was observed while 

showing a sustained tobramycin release. Moreover, the cysteamine NEMs showed a pronounced 

antimicrobial activity against P. aeruginosa biofilms compared to TOBIPodhaler and free tobramycin 

[123]. 
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In the literature, there has been promising results on incorporating enzymes such as alcalase into a 

particulated system also containing antibiotic (Figure 5). Weldrick et al. showed great reduction in biofilm 

mass by incorporating alcalase into a carbopol nanogel. For biofilms composed of S. aureus, P. aeruginosa, 

S. epidermidis, E. coli, and E. faecalis, the carbopol-alcalase combination caused over 50 % decrease in the 

biomass compared to when treating only with alcalase. [124]. Moreover, co-treatment with ciprofloxacin 

in alcalase-coated carbopol nanogels led to a 3 log10 reduction in viable biofilm-forming cells when 

compared to ciprofloxacin treatment alone. Adding alcalase to a formulation can be a good choice as it 

can degrade alginate and thereby, disrupt the EPS matrix of the bacterial biofilm and thus, reduce mucus 

viscoelasticity and decrease the biomass of the biofilm [124–127]. 

 

Figure 5. Exploiting enzymatic degradation of the biofilm with alcalase loaded nanogel particles. The enzyme alcalase 
acts as hydrolases, cleaving peptide chains of the extracellular polymeric substances (EPS) matrix, and as an esterase, 
enabling it to catalyze hydrolysis of some esters including carboxylic esters and amino esters. Carbopol Aqua SF1 
nanogels were loaded with ciprofloxacin (ABX+) followed by surface coating with protease (Alcalase 2.4 L FG). 
Reprinted with permission from [124]. Copyright© 2019, American Chemical Society. 

5.3. Targeted and/or triggered antimicrobial delivery 

Functionalizing the polymeric particulates with targeting ligands can be utilized in obtaining targeted 

delivery. This may provide additional particle accumulation at the site of the biofilm-embedded bacteria 

and promote contact between the carrier and the bacteria. The targeting can either be non-specific relying 

on charge-based or hydrogen-bonding interactions, or specific, in which targeting ligands selectively bind 

to a target molecule within the biofilm i.e. bacterial cell membrane or components of the EPS matrix. 

Targeting of lipid-based drug delivery systems has been reviewed previously [91], and investigations of 

specific targeting using drug-loaded polymeric particles remain in their infancy. Recently, polymeric NPs 

were covered with multiple copies of the galactose-binding lectin LecA (PA-IL), a ligand that has a 

prominent role in the bacterial virulence of P. aeruginosa [128]. The surface-coated NPs bind to P. 

aeruginosa lectin (LecA) with a high potency, inhibiting biofilm formation. Unlike dendrimeric or small 

molecule inhibitors of LecA, a drug can potentially be encapsulated within their lipophilic core thus, 

enabling targeted antibiotic delivery, which however, remains to be investigated [128].  
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An interesting alternative approach to local delivery is triggered release of antibiotics from polymeric 

particles. This can provide sudden high concentrations avoiding upregulations of resistance mechanisms. 

When a bacterial infection occurs, the bacteria will secrete many virulence factors, such as phospholipase, 

phosphatase, lipase, toxins and protease and additionally, an acidic pH will be present [129]. This unique 

bacterial microenvironment can be utilized as a trigger for release of the antibiotic, thereby improving 

targeting. This gives a possibility for reaching higher sustained local drug concentrations with fewer side 

effects and a lowered risk of developing resistance. Until now, only very few, have exploited this 

opportunity and we believe that this is one of the key areas to be addressed in future research.  

One of the few published studies utilized rhamnolipids, a virulence factor of P. aeruginosa responsible for 

maintaining a biofilm structure, to trigger drug release from lipid-polymer hybrid NPs consisting of a PLGA 

core and a phosphatidylcholine coating. Triggered release was achieved for the low membrane 

permeability compound calcein, partly for ciprofloxacin, whereas compounds with high membrane 

permeability (levofloxacin and ofloxacin) already showed a rapid release in the absence of rhamnolipids, 

an effect attributed to their easy lipid membrane permeabilities [130]. Also a polymeric triple-layered 

nanogel (TLN) containing bacterial lipase-sensitive PCL interlayers between a cross-linked 

polyphosphoester core and a shell of PEG was developed [131]. Using S. aureus as the model bacterium 

and vancomycin as the model antibiotic, the authors demonstrated that the PCL ‘fence’ prevented 

premature drug release, whereas the TLN released almost all the encapsulated vancomycin within 24 h in 

the presence of S. aureus (lipase-containing environment), significantly inhibiting S. aureus growth [131].  

Another trigger to be used is the acidic pH of the biofilm (Figure 6). Farokhzad and co-authors developed 

PLGA-PLG-PEG NPs capable of switching charge with decreasing pH, thus shielding non-targeted 

interactions at pH 7.4, but binding to bacteria in the acidic pH of the biofilm, showing great potential in 

biofilm treatment [132]. The pH difference was also utilized by Gao et al., that prepared azithromycin-

loaded NPs by electrostatic complexation between azithromycin conjugated amino-ended 

poly(amidoamine) dendrimer (PAMAM) and 2,3-dimethyl maleic anhydride (DA) modified poly(ethylene 

glycol)-block-polylysine (PEG-b-PLys). The NPs disassembled in acidic biofilms (pH 6.0), releasing the 

azithromycin-PAMAM NPs. In vivo studies confirmed a reduced bacterial burden and that the particles 

alleviated inflammation in a chronic lung infection model [133].  

As an alternative trigger to the local biochemical microenvironment is the use of external physical stimulus 

such as heat, electromagnetic radiation or ultrasound [14]. Magnetic NPs have been studied extensively 

for use in the biomedical field due to multiple factors, one being targeted drug release. Hua et al. 

combined PLGA NPs with magnetic NPs allowing a triggered drug release when exposed to an external 

oscillating magnetic field, an effected presumably due to a mechanical disruption of the PLGA particles. 

The antimicrobial activity of ciprofloxacin was kept intact in the presence of the magnetic NP complex 

while at the same time drug release was fully controllable [102]. Also, carbon quantum dots (CQDs)-PLGA 

hybrid NPs were recently presented, showing a stimuli-responsive antibiotic release upon laser irradiation 

and a chemo-photothermally synergistic anti-biofilm effect against P. aeruginosa biofilms [134].  
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Figure 6. Using the weakly acidic pH of biofilms to achieve a triggered release of antibiotics. (A) NPs avoid uptake or 
binding to non-target cells at physiologic pH 7.4 due to a slight negative charge and surface PEGylation. The surface 
charge-switching mechanism is activated in the weakly acidic biofilm, resulting in NP binding to negatively charged 
bacteria and a controlled release of the encapsulated vancomycin promoting antibacterial effects. Reprinted with 
permission from [132]. Copyright© 2020, American Chemical Society. (B) NPs self-assemble at pH 7.4, but the 
chemical structure is modified in the acidic biofilm microenvironment, triggering the release of azithromycin (AZM)-
containing NPs. Reprinted with permission from [133]. Copyright© 2020, American Chemical Society. 

5.4. In vitro and in vivo models for improved correlation to the clinic 

An important aspect of eradicating biofilms in the clinic is to look into the environment in which the 

biofilm is growing since this can greatly influence the antimicrobial efficacy of the polymeric drug delivery 

system. Mucins, present on the mucosal lining of the gastro-intestinal tract and in the lungs, increase the 

viscosity of the environment thus, preventing penetration [135]. Interestingly, most studies reporting on 

mucus-penetrative effects have been conducted on native or artificial mucus without the presence of 

bacteria [100,136–138]. Fewer have reported on biofilm grown in artificial sputum [38,139] and to the 

best of our knowledge, the behavior in mucus-containing dynamic conditions remains an almost 

untouched territory [118]. 

We believe that a main contributor to developing new formulations and/or delivery systems for 

antibiotics will be in vitro and in vivo test systems utilized for creating and mimicking the biofilm habitat 

found in humans. So far, methods applied for antimicrobial susceptibility tests of drug delivery systems 

can be divided into: istatic systems, such as those based on microtiter or agar plates, and iidynamic systems 

including flow cells and bioreactor-based models. Classic static antibiotic susceptibility tests that provide 

a MIC, is the far most applied method to define susceptibility breakpoints, however, these are performed 

with bacteria growing in planktonic mode.  

As the biofilm-associated bacteria greatly differ from their planktonic counterpart, it may seem to 

invalidate the planktonic-based biofilm research. However, the ease of planktonic assays makes them a 

useful tool for screening new antimicrobial drug delivery system as the absence of planktonic efficacy 
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generally will imply absence of biofilm-associated bacteria that are more difficult to treat. Nevertheless, 

development of microbial susceptibility tests of bacteria in their biofilm mode of growth is of growing 

interest. Different biofilm susceptibility endpoints have been suggested including the MBIC, MBEC and 

biofilm bactericidal concentration (BBC) [140]. Unfortunately, the definition and interpretation of these 

parameters differ greatly among different publications and none of the official agencies have yet set up 

standardized definitions of the biofilm endpoints like the guidelines for MIC value. In contrast to the static 

assays, that only provide an approximation to the complexity of the antibiotic activity against biofilms, 

the dynamic systems offers the possibility of constantly monitoring biofilm dynamics. Fluorescently-

tagged or stained cells are grown under hydrodynamic conditions in flow cells, or in miniature disc-setups, 

to form mature biofilms [141]. By using CLSM, the behavior and changes after treatment with an antibiotic 

delivery system can be monitored. This has previously been applied in many studies, however, far most 

studies, still rely on the use of static assays. Also,  pharmacokinetic/pharmacodynamic-simulations can be 

applied in the flow cells [142], however, these have yet to be applied in the research on antibiotic delivery 

systems. Moreover, it should be noted that despite the flow cell technology being considered the golden 

standard for studying biofilm physiology, no in vitro models, so far, can fully mimic the complexity of in 

vivo biofilms [142]. Multiple in vivo mammalian and non-mammalian animal models have been developed 

to mimic biofilm infections as reviewed previously [143–146]. However, many of these models do have 

their drawbacks and development of models correlating well with the infection seen in humans is still 

lacking. Also, the already existing models have only been applied in a limited amount of studies of 

polymeric particulates. A few examples include, Deacon et al. who used the non-mammalian Galleria 

mellonella model to study tobramycin-loaded, alginate- and DNase-coated CS NPs towards P. aeruginosa 

[22]. In addition,  Agarwal et al. and Abdelghany et al. used an in vivo murine peritoneal infection model 

studying the effect of bacteriophage-loaded PLGA MPs or gentamycin-loaded PLGA NPs, respectively, 

towards P. aeruginosa [48,63]. Previously, also a mouse skin infection model was employed for 

investigating antimicrobial activity and therapeutic efficacy of a new antibiotic PCL-based formulation 

[98].  

We believe that more attention needs to be paid towards using good in vivo models when assessing the 

effect of potential polymeric drug delivery particulates for biofilm infections. 
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6. CONCLUSION 

Bacterial biofilm-related infections are responsible for a considerable global healthcare issue. The low 

response of biofilms to antibiotic therapy together with the lack of development of new antimicrobial 

entities only highlight the urgent need for innovative solutions.  

This review shows that the use of polymeric nano- and microparticulated delivery systems is a promising 

approach for antibiotic delivery to biofilm infections as they can protect the antibiotic and potentially 

deliver sufficiently high local drug concentration. We do believe that emphasis needs to be paid towards 

optimizing loading efficiency and more work is necessary to push towards combinational strategies 

utilizing the unique bacterial micro-environment in the biofilm to achieve triggered and targeted release. 

Until now, there are very few antibiotics on the market formulated within nano- and microparticles. One 

reason could be that the very majority of the published papers base their conclusions on in vitro 

observations, which are great screening tools, however as the in vitro environment is far less complex 

than the human body, next step needs to be directed towards in vivo assessments. This is an essential 

step for further development of the polymeric particulates and for being able to reach the market.  
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Biofilm-associated infections are difficult to treat effectively with antibiotics
despite repeated treatments. Polymeric microdevices (microcontainers) have
previously been shown to engulf in mucus layers and to provide tunable
release. Such devices may overcome the challenge of delivering antibiotics
into the biofilm, increasing the local drug concentration and hence improve
local bacterial killing. In this work, microcontainers are loaded with the
antibiotic, ciprofloxacin hydrochloride, and functionalized with polymeric lids
of polyethylene glycol (PEG), chitosan, or Eudragit S100. The PEG lid gives
rise to a drug release comparable to uncoated microcontainers showing
complete release after 8 h, whereas chitosan and Eudragit S100 lids result in
continuous release during the course of 24 h. All antibiotic-containing
microcontainers inhibit planktonic growth of Pseudomonas aeruginosa
(PAO1) cells, but the degree of inhibition depends on the coating.
Microcontainers with ciprofloxacin hydrochloride kill about three times more
biofilm-associated PAO1 cells compared with a single standard bolus.
Moreover, the use of microcontainers in biofilm result in bacterial killing equal
to a constant flow of a three times higher concentration of solubilized
antibiotics. These studies suggest that microcontainers can be useful for
antibiotic delivery in treatment of biofilm-associated infections, resulting in
more effective treatment and reduced use of antibiotics.

1. Introduction

A biofilm is a consortium of bacteria living together in a self-
produced extracellular polymeric substances (EPS) matrix con-
sisting of various polysaccharides, proteins, and DNA.[1,2] The
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bacteria adhere to each other and to
surfaces, aggregates develop, and the
biofilm promotes bacterial survival in oth-
erwise hostile environments.[3,4] Biofilm-
associated infections are difficult to treat,
and they are often associated with chronic
infections, resulting in recurrent inflam-
mation and exacerbations despite intense
treatment with antibiotics. In contrast,
bacteria living as planktonic, single-cell
populations in suspension show decreased
tolerance toward antibiotics, and hence are
easier to treat.[1,2,5]

Pseudomonas aeruginosa is a Gram-
negative pathogenic bacterial species
forming biofilms and causing devas-
tating chronic infections in immuno-
compromised individuals.[3,6] P. aeruginosa
can cause serious intestinal infections,
where it for example has been isolated
from patients suffering from inflammatory
bowel disease and cancer patients.[7,8] The
gastrointestinal tract is often considered
to be an important reservoir for P. aerug-
inosa and the presence in the intestines
is responsible for increased mortality in

gut-derived sepsis and bacteremia and facilitates hematogenous
spread of infections to other organs.[8] P. aeruginosa often causes
chronic lung infections in patients suffering from cystic fibrosis
due to the accumulation of thick, sticky mucus and to the conse-
quentially impaired mucociliary clearance.[4,5]
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Antibiotic treatment is the standard therapy for chronic in-
fections with P. aeruginosa, but it is difficult to fully combat
P. aeruginosa infections.[9] One of the most often used antibi-
otics is ciprofloxacin. This is a broad spectrum second gener-
ation fluoroquinolone with a reported low frequency of spon-
taneous bacterial resistance.[10,11] Delivery of several antibiotics
to biofilm-associated infections is, however, obstructed by the
EPS matrix. This viscous structure creates diffusional barriers
that may deactivate the antibiotics in the outer layers of the
biofilm faster than they diffuse, leading to insufficient antimicro-
bial effects.[4,12,13] Also, the EPS allows development of phenotyp-
ically different subpopulations with reduced metabolic activities
and growth properties, making the bacteria more tolerant to an-
tibiotic treatment.[2]

Standard delivery of antibiotics is usually untargeted, and
will result in distribution of the drugs to all parts of the body.
Consequently, the efficacy of the antibiotics may decrease, since
reduced concentrations of the antibiotics may reach the actual
site of the infection.[14] The recalcitrance of infectious biofilms to-
ward antibiotics may be overcome by the use of a local antibiotic
delivery system creating a high local concentration, and hence a
more effective treatment. In recent years, nanotechnology-based
drug delivery systems such as mesoporous silica nanoparticles,
polymeric nanoparticles, and liposomes have been broadly
studied as antibiotic carriers facilitating penetration and ulti-
mately killing of infectious biofilms.[13] However, many of these
formulations suffer from poor storage stability,[13] versatility may
be limited and usage depends on the properties of the active
pharmaceutical drug, that is, charge, size, and hydrophilicity.
Microfabricated drug delivery devices have shown promise to-
ward increasing local drug concentration,[15,16] and might as well
be a suitable system for delivering antibiotics to specific sites of
infection. One of such devices is a microcontainer, which is a
micrometer sized polymeric device mainly developed for oral de-
livery of therapeutics.[17] Microcontainers have proven to be able
to improve oral bioavailability of small drugs, most likely due
to the fact that microcontainers have mucoadhesive properties
and are engulfed within the intestinal mucus.[18,19] In addition,
microcontainers have the benefit of being very versatile and can
be used for delivery of any active pharmaceutical ingredient no
matter size, charge, or hydrophilicity. The microcontainers can
be functionalized by applying a polymeric lid onto the cavity
of drug-loaded microcontainers.[20] Polymers with different
properties can be used, for example, to control the drug release
profiles, to achieve additional mucoadhesive or mucus penetrat-
ing effects, and/or to provide additional antibacterial activity.
Polyethylene glycol (PEG) is an uncharged hydrophilic polymer

that has been shown to possess either mucoadhesive or mucus
penetrating properties, depending on the surface density and
the molecular weight.[21,22] Wang et al. documented improved
mucus penetration of polystyrene nanoparticles coated with
low molecular weight (MW) PEG, whereas higher MW PEG
improved mucoadhesion.[23] Chitosan is a cationic polysaccha-
ride that has been widely explored as a mucoadhesive polymer.
In addition, it provides controlled drug release, prolonging the
therapeutic effect of the drug,[24,25] and has also been reported
to possess antimicrobial properties.[26] Previously, the inhibitory
effect of chitosan solutions and nanoparticles without antibiotics
against P. aeruginosa clinical isolates in planktonic and biofilm
conditions was investigated, and it was shown that planktonic
bacteria were more effectively eradicated than biofilm-associated
bacteria.[27] Eudragit S100 is an anionic co-polymer widely used
for pH-responsive formulations as it dissolves at pH values
above 7.[28,29] It has previously been reported that using Eudragit
microparticles for antibiotic delivery caused a significant re-
duction in adherent methicillin-resistant Staphylococcus aureus
compared to treatment with free antibiotics.[30]

The aim of this study is to investigate the potential impact of
using microcontainers in the treatment of P. aeruginosa biofilms.
The microcontainers are suggested to adhere to the biofilm and
release the loaded ciprofloxacin in a controlled and localized
manner. Ciprofloxacin-loaded microcontainers were coated with
polymeric lids of PEG, chitosan, and Eudragit S100. Together
with investigating the drug release, the resulting antimicrobial
activity obtained from the functionalized microcontainers were
tested on planktonic bacterial cells as well as on biofilm consortia
of P. aeruginosa (PAO1) and compared to delivery of unconfined
antibiotic.

2. Results and Discussion

2.1. Loading of Antibiotic into Microcontainers
and Lid Depositing

Microcontainers (Figure 1A; Figure S1, Supporting Information)
with an inner diameter of 232 ± 1 µm and an inner height
of 214 ± 3 µm (mean ± SD, n = 3) were produced and suc-
cessfully loaded with 2.75 ± 0.48 mg (n = 44 chips, mean ±
SD) ciprofloxacin hydrochloride (CIP) per chip corresponding
to 4.39 ± 0.77 µg in each microcontainer. The loaded micro-
containers were visualized using scanning electron microscopy
(SEM), which confirmed efficient loading (Figure 1B). Following
the drug loading, the microcontainers were coated on the cavity

Figure 1. Scanning electron microscopy (SEM) images of a microcontainer A) empty, B) loaded with ciprofloxacin hydrochloride (CIP), C) coated with
polyethylene glycol (PEG), D) coated with chitosan, and E) coated with Eudragit S100.
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with either PEG, chitosan, or Eudragit S100, and the height and
morphology of the spray coated lids were characterized by pro-
filometry and SEM. Coating with PEG resulted in a uniform lid
(Figure 1C), which was also confirmed by profilometry measure-
ments revealing a low surface roughness and a coating thickness
of 32.4 ± 1.9 µm (mean ± SD, n = 3). Mazzoni et al. reported
a coating thickness of 17.0 ± 5.6 µm when coating microcon-
tainers using 0.7% w/v PEG dissolved in dichloromethane.[20] In
this study, 2.66% w/v of PEG has been utilized with water as sol-
vent, and it was observed that these changes increased the coat-
ing thickness with a factor two. The chitosan coating (Figure 1D)
resulted in the thinnest lid among the three polymers, since the
polymer concentration was lower and the spray coating parame-
ters were different. The chitosan lid did not cover the open cavity
of the microcontainer completely, and structures of the CIP crys-
tals were still visible. However, we aimed for a thin layer as chi-
tosan is hygroscopic and quickly swells when in contact with wa-
ter, hence creating a hydrogel lid affecting the release of CIP.[31,32]

The thickness of the chitosan coating was 8.9 ± 0.7 µm (mean ±
SD, n= 6), in accordance with previously reported heights.[20] Eu-
dragit S100 coating was shown to cover the entire opening of the
microcontainer and to be homogenously distributed (Figure 1E),
and the height was 25.0 ± 5.3 µm (mean ± SD, n = 6).

2.2. In Vitro Release of Ciprofloxacin Hydrochloride
from Microcontainers

The release of CIP from uncoated and coated microcontainers
was evaluated in a modified minimal medium, FAB medium.[33]

When no coating was applied onto the microcontainers, it
appears that two types of release kinetics apply. Within the first
minute an initial burst release of 42.1 ± 4.5% of CIP occurred,
followed by 7 h sustained release before reaching a plateau
(Figure 2A). Applying a PEG lid on the microcontainers resulted
in a lower initial release (31.5 ± 1.9% CIP released from PEG-
coated microcontainers after 10 min compared to 44.7 ± 4.9%
CIP released from uncoated microcontainers). However, after
90 min no significant differences in the release profiles were
observed (Figure 2A). This is consistent with PEG being a water-
soluble polymer,[34] which quickly solubilizes in the aqueous
FAB medium. Chitosan coating gave rise to an initial release of
25.9± 5.6% CIP after 90 min, followed by a subsequent sustained
release with 99.5 ± 9.1% being released after 28 h (Figure 2B). In
accordance, it has previously been shown that chitosan nanopar-
ticles also provide a burst release of CIP followed by a sustained
release behavior.[35] SEM images confirmed swelling and after
28 h the hydrogel was still present on the microcontainers (data
not shown), presumably due to the limited solubility of chitosan
at physiological pH.[32] The sustained release profiles are likely
caused by a slow but constant diffusion of entrapped CIP trough
the chitosan hydrogel. Eudragit S100 was included as a coating to
provide protection of CIP until the microcontainers had reached
the biofilm growing bacteria in the flow cell system, and fast re-
lease could be induced by increasing the pH of the FAB medium.
As can be seen from Figure 2C, the coating was kept intact for
up to 15 min, and release was triggered when increasing the pH
from 6.8 to 7.4. This is in accordance with Eudragit S100 being

Figure 2. In vitro cumulative release of ciprofloxacin hydrochloride (CIP)
from microcontainers in FAB medium as a function of time. A) Uncoated
microcontainers compared to microcontainers coated with polyethylene
glycol (PEG), chitosan, or Eudragit S100. Release differed significantly
from uncoated microcontainers until t = 90 min (PEG), t = 11 h (Eudragit
S100), and t = 13 h (chitosan). B) Zoom-out depicting the release of CIP
during 40 h with chitosan coating. C) Magnified view showing the initial
release of CIP with Eudragit S100 coating. In experiments with Eudragit
S100 the chips were placed in FAB medium at pH 6.8 for 15 min followed
by immersion in FAB medium at pH 7.4. Data are presented as mean ±
SD (n = 3–6) and an unpaired t-test was applied for determination of sig-
nificant difference (with statistical significance defined as p < 0.05).
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Figure 3. Impact of the microcontainers on planktonic growth inhibition of PAO1 cells. A) Measurement of the optical density (log OD600) as a function
of time. Significant difference after t = 3 h (CIP solution; uncoated; PEG) and t = 4 h (chitosan, Eudragit S100) when compared to PAO1 control growth.
B) Viable counts measured as CFU mL−1 as a function of time. Color codes represent microcontainers loaded with ciprofloxacin hydrochloride (CIP)
and coated with polyethylene glycol (PEG), chitosan, or Eudragit S100. Controls include PAO1 growth control without microcontainer addition, empty
microcontainers, uncoated microcontainers as well as CIP in solution. Data are depicted as mean ± SD (n = 3–4) and one-way ANOVA with Tukey’s
multiple comparison was applied for determination of significant difference (with statistical significance defined as p < 0.05).

solubilized at pH values above 7.[29] To facilitate inoculation of
the microcontainers into a flow cell system, they were shortly em-
bedded in a gelatin hydrogel at pH 6.8. The release data support
that the lid was kept intact during the time in the hydrogel, and
that release was triggered in the growth medium with a pH of 7.4.
However, the release of CIP from Eudragit S100-coated micro-
containers was sustained, with only 46.1 ± 3.0% being released
after 4 h and 90.2 ± 2.8% after 18 h. This complies with previous
findings in the literature, observing that albumin-containing
microspheres coated with Eudragit S100 showed a sustained
release in intestinal pH reaching complete release after 16 h.[36]

2.3. Impact of Microcontainers on Planktonic Growth
of PAO1 Cells

The impacts of empty, CIP-loaded and polymer-coated micro-
containers on bacterial growth inhibition were determined from
addition of these to planktonic PAO1 cultures. Bacterial growth
inhibition observed for CIP-loaded uncoated and PEG-coated
microcontainers, respectively, differed significantly after 3 h
from the PAO1 control growth (p value ≤ 0.0017), whereas CIP
mediated bacterial growth inhibition with chitosan and Eudragit
S100, respectively, differed significantly from control after 4 h
(p values ≤ 0.0013; Figure 3A). These results align with the
release data (cf. Figure 2), in which only limited differences in
release profiles were observed for uncoated and PEG-coated
microcontainers, whereas delayed releases of CIP were observed
for both chitosan and Eudragit S100. Addition of all loaded
and polymer-coated microcontainers led to reductions in viable
counts of PAO1, reaching the lowest bacterial viability after 8 h of
treatment with viable counts reduced from ≈109 colony forming
units (CFU) mL−1 (control) to between 104–106 CFU mL−1

(Figure 3B). The increase of OD600 during the first 3 h after addi-
tion of the microcontainers seemingly conflicts with the decrease
in CFU during this period. We suggest that this “conflict” is a
reflection of a reduced plating efficiency of the treated bacteria,

which shows that although the antibiotic exerts its inhibitory
effect of reducing viability of the bacteria, it takes time to stop
increase of the optical density. This increase most likely reflects
that the cells may continue to grow in size without dividing and
quickly loose the capacity to form colonies on plates. The delayed
cell lysis is observed later as a decrease in OD600. After 24 h, re-
growth of viable cells was observed in all treated cultures, reach-
ing an average of 1.73 × 108 CFU mL−1 (Figure 3B). Regrowth
may be due to a subpopulation of resistant cells not affected by
the applied CIP concentrations. The empty microcontainers had
no effect on growth of PAO1 cells (Figure 3A,B). Treating the
planktonic bacterial suspension with 20 µL of a 0.22 mg mL−1

CIP solution (same amount as confined in one microcontainer)
resulted in identical growth inhibition (Figure 3A,B), proving
that administration of CIP in microcontainers did not decrease
the efficacy of the antibiotic toward planktonic suspensions
of PAO1.

2.4. Impact of Microcontainers on Biofilm Growth of PAO1 Cells

Antibiotics, which normally inhibit growth and kill bacteria in
suspended cultures, have been shown to be much less efficient
in bacterial biofilms.[1] This specific behavior of biofilm bacteria
is a serious medical problem, since many infections are charac-
terized by biofilm growth in the human body. Microcontainers
potentially may deliver a large dose of antibiotics into close con-
tact with a localized infection, increasing the local concentration
of antibiotics, which may improve the chance of eradicating the
bacteria in the biofilm. Controlling the release rate by the use
of different coatings makes it possible to expose the biofilm to
specific concentrations of CIP over time. PAO1 biofilms were
allowed to mature for 96 h in flow cell chambers, reaching a
biomass of 5.35 ± 3.74 µm3 µm−2 (Figure S2, Supporting Infor-
mation). Subsequently, microcontainers were successfully intro-
duced into the flow cell biofilm. A bright field image of the top
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Figure 4. Example of a bright field (BF) image of a microcontainer (located
below the dotted line and marked with an arrow) and the corresponding
confocal laser scanning microscopy (CLSM) image of a 96 h old biofilm af-
ter 7 h of treatment with CIP-loaded and polyethylene glycol (PEG)-coated
microcontainers. Green represents live GFP fluorescent bacteria. Red rep-
resents dead bacteria after PI staining. Scale bar: 30 µm.

of a PEG-coated microcontainer together with a corresponding
confocal laser scanning microscopy image is shown in Figure 4.

To determine efficacies of PEG-, chitosan-, or Eudragit S100-
coated microcontainers on killing of biofilm-associated PAO1
cells, confocal images were acquired at locations in close prox-
imity to the microcontainers (Figure 5).

After 2 h of treatment with CIP-loaded microcontainers, con-
taining ≈120 µg CIP in total, limited bacterial killing occurred,
with an average dead biomass of 11.1 ± 14.2%, 3.3 ± 1.5%,
and 8.5 ± 12.2% for PEG, chitosan, and Eudragit S100 coatings,
respectively. At this time point, PEG coating led to the great-
est amount of CIP release (61.3%) compared to chitosan and
Eudragit S100 (28.1% and 23.6%, respectively) (cf. Figure 2A).
The differences in amount of released CIP were paralleled by
the mean killing of biofilm-associated PAO1 cells after 2 h.
Note, however, that utilizing a PEG coating with a faster release
did not significantly improve the killing compared to the sus-
tained release achieved with chitosan and Eudragit S100. Af-
ter 7 h, the dead bacterial fraction increased to 19.7 ± 16.2%,
23.5 ± 19.6% and 13.5 ± 10.2% for PEG, chitosan and Eudragit
S100, respectively. All coatings reduced bacterial motility after
7 h compared to 2 h. In addition, bacterial morphology changed
as the bacteria appeared coccoid, a sign of slow growth and
starvation.[37] At the same time many bacteria appeared extremely
elongated indicating that they are stressed and still metabolically
active, but cell division is inhibited.[37] This observation correlates
with the reported mechanism of ciprofloxacin, which interferes
with DNA replication and transcription by inhibition of topoiso-
merase II (also known as DNA gyrase) and topoisomerase IV,
thereby inhibiting cell division.[11] When planktonic PAO1 cells
were treated with coated microcontainers, a significant killing
was observed after 8 h (cf. Figure 3). Microcontainer therefore
had a faster and more effective impact on planktonic cell inhi-
bition, which correlates with previously reported decreased an-
tibiotic tolerance of planktonic bacteria compared to the biofilm-
associated cells.[1] After treating for 24 h, in which almost all an-
tibiotic had been released from the microcontainers, the live pop-
ulation of PAO1 were significantly reduced and the dead biomass
increased to 75.7 ± 16.2%, 88.2 ± 5.3%, and 73.6 ± 14.8% for
PEG, chitosan, and Eudragit S100, respectively.

Altogether, the uncharged PEG coating did not appear to
improve the antimicrobial effect compared to the anionic,
non-mucoadhesive Eudragit S100 coating, whereas the cationic
chitosan coating appeared to be the most promising coating
(Figure 5). Interestingly, the charge of the polymers did not
appear to have any prominent effect on the eradication of the
biofilm. Du et al. reported a 3.2-fold increase in elimination of
an established P. aeruginosa biofilm when treated with PEG-
conjugated tobramycin compared to the effect of a solution
of the antibiotic.[38] Moreover, Suk et al. showed that low MW
PEG-coated nanoparticles moved through undiluted cystic fi-
brosis sputum up to 90-fold faster than uncoated particles, but
the penetration of identically coated larger nanoparticles were
strongly hindered.[39] For this reason, larger particles or devices
like the microcontainers coated with PEG are likely to be mostly
mucoadhesive, however, this did not improve the bacterial killing
as no difference between PEG and Eudragit S100 coating was ob-
served. Chitosan has previously been shown to be mucoadhesive
presumably due to hydrogen bonding and ionic interactions
with the negatively charged mucins.[26] The same mechanism
may be relevant in the biofilm, in which the positively charged
chitosan can interact with the negatively charged components
of the EPS (such as alginate),[40] hence increasing adhesion. In
addition, Machul et al. reported an inhibitory effect of chitosan
on both planktonic as well as biofilm-associated P. aeruginosa.[27]

The chitosan may interact with the negatively charged microbial
cell membranes causing leakage of the intracellular components
hence cell disintegration.[24,26] Both the additional antimicrobial
effect as well as improved adhesion might have contributed to
the enhanced killing observed when using chitosan coating in
this study.

2.4.1. Impact of One Bolus Dose or Constant Perfusion
of Ciprofloxacin Hydrochloride on PAO1 Biofilm

To determine whether CIP confined in microcontainers would
provide improved killing compared to the same dose of
unconfined antibiotic given as one bolus injection, a 96 h old
PAO1 biofilm was treated with one bolus dose of 120 µg CIP and
images were acquired 2, 7, and 24 h after exposure. After 2 h,
26.7 ± 25.4% was found dead and no significant change occurred
in the following 24 h (Figure 6). In absence of antibiotics, the
biofilm biomass showed minimal killing after 24 h as expected.
These findings indicate that using the same dose of CIP but con-
fining it in microcontainers improved the in vitro antibacterial
properties of CIP significantly.

Moreover, a 96 h old PAO1 biofilm was perfused with CIP in
a concentration of 4 µg mL−1 for 24 h, corresponding to a total
amount of 330 µg CIP delivered to the biofilm. The perfusion
resulted in 82.0 ± 6.2% killing of the total amount of biomass
after 24 h (Figure 7). In control chambers, PAO1 cells were still
alive and the biomass increased over 24 h as expected. Compar-
ing these results to biofilm treatment with CIP confined in mi-
crocontainers (cf. Figure 5E), it was found that microcontainers
provided bacterial killing similar to a 2.75 times higher concen-
tration of solubilized antibiotic constantly perfused. Therefore,
it appears that confining CIP in microcontainers is a promis-
ing strategy, providing the same antibacterial effect with a sig-
nificantly reduced amount of antibiotic.
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Figure 5. PAO1 biofilm grown for 96 h under flow to a mature state, and thereafter exposed to ≈120 µg ciprofloxacin hydrochloride (CIP) confined in
microcontainers coated with either polyethylene glycol (PEG), chitosan, or Eudragit S100. A–D) Confocal laser scanning microscopy (CLSM) images of
mature biofilm before treatment and 2, 7, and 24 h after treatment with polymer-coated microcontainers as well as a 24 h untreated control. Scale bar:
30 µm. E) Quantitative analysis of the biomass (µm3 µm−2) converted to the fraction of live/dead (%). Green represents live bacteria. Red represents
dead bacteria. Data are depicted as mean + SD (n = 4–24).

No complete eradication of PAO1 biofilm was observed in any
of the treatments tested, since 10–20% of the biomass remained
alive despite treatment with CIP confined in microcontainers or
as constant perfusion. The remaining fraction might be a sub-
population of antibiotic-tolerant persister cells in a temporary
dormant state in which cell division is minimized.[41,42] Many
antibiotics (including ciprofloxacin) require a certain degree of
metabolic activity in the cells to be effective as the mechanism
of action often involves disruption of the cellular processes.[4] To
achieve a full eradication therapy on the biofilm cells with mi-
crocontainers, it is possible that delivery of a nutrition-rich com-
pound prior to antibiotic therapy may stimulate bacterial growth,
and thus improve the antibiotic efficacy.

Using microcontainers to achieve a site-specific delivery of an-
tibiotics could potentially reduce the required dose, and thereby
reduce the risk of resistance development. The local delivery

would also prevent antibiotic exposure in the gastrointestinal
tract and its microbiota, thereby decreasing the risk of gastroin-
testinal side effects often seen for patients needing antibiotics for
extended time periods.[9] The microcontainers could potentially
be used to prevent recurring infections and to treat initial and
chronic infections. An additional benefit of the microcontainers
is the possibility of personalizing the treatment, by dosing the
amount of microcontainers needed for treatment of a certain in-
fection in different patients.

3. Conclusion

Microcontainers were successfully loaded with CIP and func-
tionalized with lids of PEG, chitosan, or Eudragit S100. Re-
lease profiles from coated microcontainers showed that PEG
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Figure 6. PAO1 biofilm grown for 96 h under flow to a mature state and thereafter exposed to one bolus injection of 60 µg mL−1 ciprofloxacin hydrochlo-
ride (CIP) with a total dose of 120 µg. A,B) Confocal laser scanning microscopy (CLSM) images of the biofilm before treatment and 2, 7, and 24 h after
treatment as well as a 24 h control biofilm not treated. Scale bar: 30 µm. C) Quantitative analysis of the biomass (µm3 µm−2) converted to the fraction
of live/dead (%). Green represents live bacteria. Red represents dead bacteria. Data are depicted as mean + SD (n = 3).

Figure 7. PAO1 biofilm grown for 96 h under flow to a mature state and thereafter exposed to perfusion of 4 µg mL−1 ciprofloxacin hydrochloride (CIP)
for 24 h corresponding to a total amount of 330 µg CIP delivered to the biofilm. A) Confocal laser scanning microscopy (CLSM) images of the biofilm
before treatment, after 24 h with no treatment, and after 24 h treatment with CIP. Scale bar: 30 µm. B) Quantitative analysis of the biomass (µm3 µm−2)
converted to the fraction of live/dead (%). Green represents live bacteria. Red represents dead bacteria. Data are depicted as mean + SD (n = 5).

facilitated a faster release of CIP, whereas Eudragit S100 and
chitosan gave rise to a sustained release. All antibiotic containing
microcontainers inhibit planktonic growth of PAO1 cells, but the
degree of inhibition depends on the choice of coating. Treating a
mature PAO1 biofilm with a bolus dose of CIP only resulted in
killing of a 26.1 ± 16.9% of the biofilm cells after 24 h. The same
dose confined in coated microcontainers killed 75.7 ± 16.2%,

88.2 ± 5.3%, and 73.6 ± 14.8% of the biomass in close prox-
imity to the microcontainer, when using PEG, chitosan, and
Eudragit S100 coatings, respectively. Microcontainers provided
bacterial killing similar to a 2.75 times higher concentration of
solubilized antibiotic constantly perfused. This proves that using
microcontainers as a delivery system for antibiotic treatment of
biofilm-associated infections could be a promising new strategy.
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4. Experimental Section
Fabrication of Microcontainers: Microcontainers were fabricated on

silicon wafers as previously described with two-steps of photolithography
using the negative epoxy-based photoresist SU-8.[43] Silicon wafers (4-in.
b100N n-type) were supplied by Okmetic, Vantaa, Finland, whereas SU-8
2075 and SU-8 developer were purchased from Microresist Technology
GmbH (Berlin, Germany). For biofilm assays, the microcontainers were
fabricated on top of a fluorocarbon coated silicon wafer enabling de-
tachment of single microcontainers from the wafer,[44] whereas for the
other studies, the microcontainers were fabricated directly on the silicon
wafer.[43] The wafers with the fabricated microcontainers were cut into
chips of 12.8 × 12.8 mm2 containing 625 microcontainers on each chip,
using a laser cutter (microSTRUCT vario, 3D Microac AG, Chemnitz,
Germany). The dimensions of the microcontainers were measured on
an Alpha-Step IQ Stylus Profilometer (KLA-Tencor Corporation, Milpitas,
USA).

Loading Ciprofloxacin Hydrochloride in Microcontainers: A mask was
used to cover the gaps between the microcontainers to allow only drug
loading in the cavity of the microcontainers.[45] The microcontainers were
then manually loaded with CIP (Fagron, Uitgeest, The Netherlands) by dis-
tributing powder over a chip with microcontainers using a small brush.
The mask was gently removed after loading and any excess of drug in be-
tween the microcontainers was removed with pressurized air. The chips
with microcontainers were weighed before and after loading to determine
the amount of drug loaded into the microcontainers

Deposition of a Lid on Ciprofloxacin Hydrochloride-Loaded Microcontain-
ers: The microcontainers were coated with three different lids of either
PEG, chitosan, or Eudragit S100. A 2.66% w/v solution of low molecu-
lar weight 11–15 kDa PEG (Sigma-Aldrich, St. Louis, USA) in water was
made. The chitosan solution was prepared in a 0.5% w/v concentration
by dissolving low molecular weight chitosan (12 kDa, 75–85% deacety-
lated, Sigma-Aldrich, St. Louis, USA) in 0.1 m acetic acid (Sigma-Aldrich,
St. Louis, USA). After dissolving, the chitosan solution was filtered using
a 5–13 µm filter with vacuum suction. A solution of 1% w/v Eudragit S100
(Evonik Industries, Darmstadt, Germany) and 5% w/w in relation to the
polymer of dibutyl sebacate (Sigma Aldrich, St. Louis, USA) was dissolved
in isopropanol (Honeywell, Muskegon, USA). The solutions were sprayed
on top of the CIP-loaded microcontainers using a spray coating system
equipped with an ultrasonic nozzle actuated at 120 kHz (ExactaCoat, Sono
Tek, USA). The nozzle of the spray coater moved across the microcontainer
chip in a x–y path covering the area of the chip. One loop corresponded to
the nozzle moving across the sample twice, with an offset of 2 mm in the
x direction the second time as the beam diameter was 4 mm. Z-distance
represents the distance between the spray nozzle and the sample (Table 1).

The thickness of the coatings was evaluated using a contact profilome-
ter (Alpha-Step IQ Stylus Profilometer, KLA-Tencor, Corporation, Milpitas,
USA). Each of the polymers was sprayed on top of a flat silicon chip cov-
ered with a layer of SU-8. Half of the chip was covered by a glass cover slip
hence, enabling coating of only half a chip suitable for height evaluation.

Table 1. Parameters used for ultrasonic spray coating with either 2.66%
w/v polyethylene glycol (PEG), 0.5% w/v chitosan, or 1% w/v Eudragit
S100 applied on ciprofloxacin hydrochloride (CIP)-loaded microcontain-
ers.

Coating parameters PEG Chitosan Eudragit S100

Path speed [mm s−1] 20 25 10

Infusion rate [mL min−1] 0.1 0.1 0.1

Generator power [W] 1.3 1.3 2.2

Shaping air pressure [kPa] 0.02 0.03 0.02

Heat plate temperature [°C] 40 50 40

Z-distance from nozzle to sample [cm] 6.0 5.5 3.0

No. of loops 150 120 30

The height profiles were measured using an 8 mg tip force with a scan
speed of 50 µm s−1 and a sampling rate of 50 Hz. Measurements were
conducted at three different locations on each coated chip and presented
as mean ± SD.

Scanning Electron Microscopy of the Microcontainers: The quality of the
loading and the coating was evaluated using a tabletop SEM (Hitachi
High-Technologies Europe GmbH, Krefeld, Germany). The chips with mi-
crocontainers were placed on a 30° tilted holder and SEM images were
acquired using the scattered electron (SE) detector and an accelerating
voltage of 15 kV for highest quality images.

In Vitro Release of Ciprofloxacin Hydrochloride from Microcontainers:
The in vitro release of CIP from the microcontainers was measured using
a 𝜇Diss Profiler (Pion Inc. Wobrun, MA, USA) at a constant temperature of
37 °C. Stirring rate was kept at 100 RPM and the absorbance was measured
in situ at 350 nm. The path length of the UV probes was 5 mm. Each probe
of the 𝜇Diss was calibrated prior to each release study. Each chip with CIP-
loaded microcontainers was attached to cylindrical magnetic stirrers with
carbon tape and placed in a glass vial. Modified FAB medium was pre-
pared as described in Table S1, Supporting Information, with a pH of 6.8
and pH 7.4. The chips were covered with 20 mL of FAB medium with pH
6.8 and CIP release from microcontainers was measured for 18–40 h de-
pending on the polymer coating. For Eudragit S100, the chips were placed
in FAB medium at pH 6.8 for 15 min and subsequently, in FAB medium
adjusted to pH 7.4. The percentage of drug release at each time point was
calculated from the known amount of drug loaded per chip and presented
as mean ± SD. The release studies were in 3–6 replicates for uncoated mi-
crocontainers and microcontainers coated with either PEG, chitosan, or
Eudragit S100.

Bacterial Strain and Media Preparation: P. aeruginosa PAO1 was genet-
ically modified to express green fluorescent protein (GFP) constitutively by
insertion into a neutral intergenic region in the genome with no impact on
the cell growth physiology.[6,46,47] An overnight culture of PAO1 was pre-
pared from a −80 °C stock by inoculating a small amount into 5 mL LB
and allowing growth until stationary phase for 12–16 h at 37 °C at 150
RPM. Plate assays were conducted in LB medium. Biofilms were grown
in modified FAB minimal medium with trace metals suitable for PAO1
growth and with glucose as the only carbon source (Table S1, Supporting
Information).[33]

Planktonic Growth of PAO1 and Growth Inhibition Testing: To study the
ability of microcontainers to inhibit bacterial growth, a PAO1 overnight
culture was diluted to an optical density (OD600) of 0.05 in 20 mL of LB
medium adjusted to pH 6.8, except when used with Eudragit S100 where
pH was pH 7.4. One microcontainer either being empty or loaded with
CIP or loaded with CIP and coated with PEG, chitosan, or Eudragit S100
was added to each flask. For the control with CIP in solution, 20 µL of a
0.22 mg mL−1 CIP solution was added to the flask. The flasks were placed
in a 37 °C incubator at 150 RPM. Samples were taken at selected time
points between 20 min and 24 h after introduction of the microcontainer.
Bacterial density was monitored using OD measurements at 600 nm on
an automated plate reader (Synergy H1, BioTek, USA). Viable counts were
obtained after 3, 8 and 24 h by serial dilution followed by spot plating on
LB agar plates. The plates were left to incubate overnight at 37 °C and CFU
were counted the following day.

Setup of Flow System to Grow Biofilms: Biofilms of PAO1 were grown
at 37 °C under laminar flow in flow chambers at 58.4 µL min−1 with a
16-channel Watson Marlow pump as described by Tolker–Nielsen et al.[48]

However, the flow cells were slightly modified implementing an inlet chan-
nel on the side of the flow chamber to allow inoculation of the microcon-
tainers. Sterilization of the flow system was performed by pumping 1 L of
0.5% v/v hypochlorite through the system over a period of 4 h followed by
a cleaning procedure with filling and emptying the system three times with
2 L of autoclaved MilliQ water. Thereafter, the system was filled with FAB
medium at pH 6.8 and left with a flow of 58.4 µL min−1 overnight to allow
saturation of the tubings with the medium. The medium flow in the system
was stopped and inlet was clamped to avoid backflow. The inlet silicone
tube was wiped with 70% v/v ethanol and 250 µL of a diluted overnight
culture (with 0.9% NaCl to OD600 of 0.05) was inoculated carefully into
the flow chamber. The inlet needle hole was wiped with ethanol and
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resealed with a thin layer of silicone glue. To allow the bacteria to attach to
the glass surface the flow chambers were left for 1 h without flow before
medium flow was resumed. Bacterial biofilms were allowed to develop for
96 h before antibiotic treatment.

Treating PAO1 Biofilm with Ciprofloxacin Hydrochloride Confined in
Coated Microcontainers: For inoculation of microcontainers, a solution
of 2.5% w/v gelatin (Sigma-Aldrich Chemie GmbH, Steinheim, Germany)
was used to allow the microcontainer to be dispersed in the syringe in-
stead of sticking to the walls. The gelatin was weighed into sterile tubes
and dissolved in 100 mm phosphate-buffered saline (adjusted to pH 6.8) in
a water bath at 37 °C and 100 RPM. For sterilization purposes, chloroform
(Sigma-Aldrich, St. Louis, USA) was added to the gelatin solution with a
final concentration of 0.5% v/v. The tubes were stored at room tempera-
ture. Chloroform evaporation was allowed and the microcontainers coated
with either PEG, chitosan, or Eudragit S100 were added to the gelatin
just prior to the experiment. Microcontainers loaded with ≈120 µg CIP in
total were introduced into the flow cell and the system was left without
flow for 15 min before staring the flow again. In Eudragit S100 channels
the pH of the medium was increased to 7.4. Images used for quantification
purposes were acquired at a distance of 140–320 µm from the open side
of the microcontainer, as the presence of the microcontainer in the image
would interfere with the quantitative COMSTAT analysis (see Microscopy
Parameters, Image Acquisition, and Analysis).

Treating PAO1 Biofilm with Unconfined Ciprofloxacin Hydrochloride as Bo-
lus Dose or as Constant Perfusion: A 96 h old PAO1 biofilm was treated
with unconfined CIP in two ways: 1) as a single bolus dose or 2) as a
constant perfusion. When treated with one bolus dose, the tubing after
the bubble traps were clamped off and 2 mL of a 60 µg mL−1 CIP solution
were introduced into the system, corresponding to a total dose of 120 µg of
CIP. Tubings were afterward sealed with silicone. For the perfusion study,
the medium bottle was changed with a medium bottle containing 4 µg
mL−1 of CIP and medium in bubble traps was exchanged with antibiotic-
containing medium. The biofilm was treated for 24 h corresponding to a
total delivered dose of 330 µg.

Microscopy Parameters, Image Acquisition, and Analysis: Microscopic
observations of bacterial biofilms and microcontainers were completed
using an inverted Leica TCS SP8 confocal laser scanning microscope
(Mannheim, Germany) equipped with an argon/krypton laser and de-
tectors and filter sets for simultaneous monitoring of GFP (excitation:
488 nm, emission: 493–558 nm) for live cell imaging and propidium io-
dide (excitation: 543 nm, emission: 558–700 nm) for dead cell staining.
Sequential line scanning was used to avoid cross talk. Images were ob-
tained using an HC PL Apo CS2 63× oil objective (numerical aperture
1.4). Propidium iodide was injected into the top of the bubble traps and al-
lowed to flow into the flow chambers for 10 min prior to image acquisition.
Images were acquired with z-intervals of 1 µm. As control, six biological
experiments were performed acquiring two images (technical replicates)
of non-treated biofilm in each experiment at random positions within the
flow cell to account for any heterogeneity within the biofilm. Stacked im-
ages were generated using Imaris software (Version 7.7.1, Bitplane AG,
Zürich, Switzerland). Volume of biomass was calculated using the image-
analysis COMSTAT version 2.1 software.[33,49] Graphs depicting the frac-
tion of live/dead biomass were generated by calculating the percentage
of live/dead in relation to the total biomass measured either before treat-
ment (0 h), after 24 h without treatment as control, or 2, 7 and 24 h after
treatment.

Statistical Analysis: Data are expressed as the mean ± SD unless oth-
erwise noted. For comparison of two individual mean values an unpaired
t-test was applied, whereas a one-way ANOVA with Tukey’s multiple com-
parison was used if more than two mean values were compared. Graphs
and tests were conducted in GraphPad Prism (Version 8.0.1, GraphPad
Software, CA, USA) and p-values were considered statistically significant
when below 5% (p < 0.05).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1. Graphs depicting the biomasses of PAO1 biofilm grown under flow for 96 h to a mature state and thereafter exposed to 
ciprofloxacin hydrochloride (CIP)-loaded microcontainers coated with either polyethylene glycol (PEG), chitosan or Eudragit® S100 
(A) or a bolus dose of CIP (B) or constant perfusion of CIP (C).Green represents live bacteria. Red represents dead bacteria. Data are 
depicted as mean±SD (n=4-24). 



 

 
 
 

Table S1. The composition of modified FAB medium. A10 buffer, FB minimal medium with trace metals and the carbon source were 
autoclaved separately and mixed afterwards. Concentrations are given as final concentrations. 

A10 buffer FB minimal medium with trace metals Carbon source 

33.7 mM Na2HPO4·2H2O 

22.0 mM KH2PO4 

15.1 mM (NH4)2SO4 

51 mM NaCl 

 

1 mM MgCl2 

0.1 mM CaCl2 

20 µg L-1 CaSO4·2H2O 

20 µg L-1 FeSO4·7H2O 

2 µg L-1 MnSO4·H2O 

2 µg L-1 CuSO4·5H2O 

2 µg L-1 ZnSO4·7H2O 

1 µg L-1 CoSO4·7H2O 

1 µg L-1 NaMoO4·H2O 

0.5 µg L-1 H3BO3 

0.3 mM glucose 
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ABSTRACT 

In many infected patients, bacterial biofilms represent a mode of growth that significantly enhances the 

tolerance to antimicrobials, leaving the patients with difficult-to-cure infections. Therefore, there is a 

growing need for effective treatment strategies to combat biofilm infections. In this work, reservoir-based 

microdevices, also known as microcontainers (MCs), are co-loaded with two antibiotics: ciprofloxacin 

hydrochloride (CIP) and colistin sulfate (COL), targeting both metabolically active and dormant 

subpopulations of the biofilm. We assess the synergistic effect of the two drugs in a time-kill study of 

planktonic P. aeruginosa and find that co-loaded MCs are superior to monotherapy, resulting in complete 

killing of the entire population. Biofilm consortia of P. aeruginosa grown in flow chambers were not fully 

eradicated. However, antibiotics in MCs work significantly faster than simple perfusion of antibiotics 

(62.5±8.3 % versus 10.6±10.1 % after 5 h) in biofilm consortia, showing the potential of the MC-based 

treatment to minimize the use of antimicrobials in future therapies.   

KEYWORDS 

Microdevices; Drug delivery; Antimicrobials; Antibiotics; Chitosan; Pseudomonas aeruginosa  
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1. INTRODUCTION 

Antibiotic resistance is one of the greatest challenges facing the global healthcare system (Davies and 

Davies, 2010). Microbes are developing resistance at an alarming rate, while the ‘golden era’ of antibiotic 

discovery is long over (O’Neill, 2016). This leaves us with a clear demand for novel strategies to combat 

multi-drug resistant (MDR) bacterial infections (Parish, 2019). 

Besides from MDR, it has become evident that the ability of bacteria to organize themselves into matrix-

enclosed aggregates, also known as biofilm, is responsible for most chronic bacterial infections (Hall-

Stoodley et al., 2004). In fact, it has been shown that the biofilm-lifestyle renders the bacteria with a 10-

1,000-fold higher tolerance towards antibiotics than their planktonic counterparts (Mah and O’Toole, 

2001; Stewart, 2002). Gradients of nutrients and oxygen exist from the top to the bottom of the biofilm, 

with oxygen levels being high at the surface and low in the center of the biofilm. Similarly, metabolic 

activity is stratified with high activity at the surface and low or no growth in the center (Ciofu and Tolker-

Nielsen, 2019; Pamp et al., 2008). As the antimicrobial effect of antibiotics often depends on the metabolic 

activity of the bacteria, this dormancy-phenomenon is one of the explanations for the reduced 

susceptibility of biofilm-associated bacteria towards antibiotics (Høiby et al., 2010). Consequently, 

monotherapy with antibiotics, which are only active against growing cells, leads to a reduction of bacteria 

without complete eradiation of the biofilm (Anwar and Costerton, 1990). 

Combining antibiotics with different cellular targets is widely recognized as a useful strategy to increase 

the likelihood of achieving early adequate bacterial eradication of infections, where monotherapy has 

failed, and at the same time minimizing the risk of resistance development (Tamma et al., 2012; Traugott 

et al., 2011). Ciprofloxacin is a fluoroquinolone antibiotic showing broad activity mainly against Gram-

negative bacteria, such as Pseudomonas aeruginosa that are associated with debilitating infections in the 

airways (Bjarnsholt, 2011; Schwerdt et al., 2018) and wounds (Pastar et al., 2013). Ciprofloxacin exhibits 

bacteriostatic and bactericidal effects by inhibiting the DNA gyrase and topoisomerase IV enzymes 

essential for DNA replication (Aldred et al., 2014; Silva et al., 2011), thus targeting mainly the actively 

dividing cells found in the outer edges of the biofilm (Høiby et al., 2010). The cyclic cationic lipopeptide, 

colistin, belonging to the family of polymyxins, has recently received raising attention because of its 

significant effect on MDR Gram-negative bacteria (Li et al., 2006; Nation et al., 2015). Colistin binds to the 

lipid A component in lipopolysaccharides disordering the cell membrane structure, making it more 

permeable (a detergent-like effect), which ultimately results in cellular death (Bialvaei and Samadi Kafil, 

2015). This means that colistin kills dormant bacterial subpopulations found in the core of the biofilm 

(Haagensen et al., 2007; Pamp et al., 2008). The use of colistin was originally hampered due to its serious 

nephrotoxicity, but the limited therapeutic options have driven its revival as a last line of defense against 

severe P. aeruginosa infections (Li et al., 2006). Colistin has shown attractive synergistic antimicrobial 

activity against P. aeruginosa when combined with antibiotics such as azithromycin (Lin et al., 2015), 

rifampicin (Giamarellos-Bourboulis et al., 2003), and ciprofloxacin (Buyck et al., 2015).  
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Recently it was documented that liposomes co-loaded with ciprofloxacin and colistin showed an increase 

in of the antimicrobial efficacy against P. aeruginosa compared to monotherapies, while, at the same 

time, showing no toxicity towards the pulmonary epithelial cells (Chai et al., 2019; Wang et al., 2018; Yu 

et al., 2020). Liposomes are one example of a particulated drug delivery system, which are gaining 

considerable attention to improve the therapeutic efficacy of antibiotic treatments (Gao et al., 2018). By 

using particulates to deliver antibiotics, a sufficiently high drug concentration can be achieved at the site 

of infection, while reducing the administered dose, keeping systemic toxicity at a minimum as well as 

limiting the risk of development of resistance (Liu et al., 2019). However, many of these formulations 

suffer from poor drug loading capabilities as well as from restrictions concerning which drugs that can be 

encapsulated into the particles.  

Recent and promising approaches have focused on reservoir-based polymeric microdevices serving as 

drug carriers for oral drug delivery (Nielsen et al., 2018). The microdevices have shown a promising 

potential towards prolonging the retention of drugs at the site of absorption as well as providing a higher 

local drug concentration (Ainslie et al., 2009; Chirra et al., 2014; Nielsen et al., 2016). Previously, we have 

proposed microcontainers (MCs), which are polymeric cylindrical structures, as a means to deliver high 

loads of antibiotics to the site of infection (Birk et al., 2020). Compared to other drug delivery systems, 

such as liposomes, the MCs possess the unique capability of allowing delivery of any antibiotic no matter 

the size, charge or lipo-/hydrophilicity. Therefore, the ratio between co-loaded antibiotics can easily be 

adjusted as desired. Moreover, MCs have demonstrated mucoadhesive properties as they can embed and 

engulf in mucus (a habitat which biofilms reside in) (Mazzoni et al., 2017; Mosgaard et al., 2019; Nielsen 

et al., 2016).  Moreover, adhesion was shown to be further promoted by coating the MCs with a lid of 

chitosan (Mazzoni et al., 2019). Previously we have shown that local delivery of ciprofloxacin 

hydrochloride (CIP) confined in MCs resulted in eradication of P. aeruginosa biofilm equal to a constant 

flow of an about three times higher concentration of the solubilized antibiotic. However, 10-20 % of the 

biomass remained alive despite treatment with CIP (Birk et al., 2020). 

The aim of the present study was to exploit the potential of using MCs for co-delivery of synergistic 

antibiotics as a more efficient treatment of P. aeruginosa biofilms compared to monotherapies. CIP and 

colistin sulfate (COL) were co-loaded in MCs and coated with a mucoadhesive coating of chitosan. In vitro 

release kinetics were characterized together with time-kill investigations of planktonic P. aeruginosa and 

compared to antibiotic monotherapy. Lastly, the impacts of co-loaded MCs were investigated on biofilm 

consortia of P. aeruginosa and compared to single-loaded MCs and simple antibiotic perfusion. 
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2. MATERIALS AND METHODS 

2.1. Materials 

Silicon (Si) wafers (4'' (100) n-type) were acquired from Okmetic (Vantaa, Finland), while the SU-8 

constituents (SU-8 2075 and SU-8 Developer) were purchased from Micro Resist Technology (Berlin, 

Germany). Ciprofloxacin HCl (CIP) was from Fagron (Uitgeest, The Netherlands), while colistin sulfate 

(COL), chitosan (low MW 50-190 kDa, 75-85 % deacetylation), acetic acid, Luria Bertani (LB) medium, 

potassium phosphate, disodium phosphate, sodium chloride, calcium chloride, ammonium sulfate, 

magnesium chloride, trace metals, glucose, propidium iodide and glutaraldehyde (25 % solution) were all 

bought from Sigma-Aldrich (St. Louis, MO USA). Osmium tetroxide (4 % in water) was acquired from 

ACROS Organics. Ultrapure water was obtained from a Q-POD® dispenser (Merck Millipore, Burlington, 

MA, USA).  

2.2. Fabrication of MCs 

MCs were fabricated on silicon wafers using a mask-based two-step photolithography process, an 

approach originally introduced for drug delivery devices by Tao et al. and later modified by Nielsen et al. 

(Nielsen et al., 2012; Tao et al., 2007). Starting out with clean Si substrates, a release layer consisting of 

5 nm titanium (Ti) and 20 nm gold (Au) was deposited (Temescal FC-2000, Ferrotec Corporation, Santa 

Clara, CA, USA) using electron beam evaporation. The release layer ensured adequate adhesion of the 

MCs to the chip during loading and coating, while simultaneously enabling the detachment of MCs from 

the chip without damaging them (Nielsen et al., 2016). Subsequently, the Ti/Au-Si wafers were covered 

with a layer of the negative epoxy photoresist SU-8 and exposed to a number of baking steps allowing the 

formation of the bottom and the side walls of the MCs. After fabrication, the wafers were diced 

(Automatic Dicing Saw DAD 321, DISCO, Tokyo, Japan) into squared chips (12.8 × 12.8 mm2), with each 

chip containing 625 individual MCs. The inner and outer diameters of the individual MCs were determined 

with an Eclipse L200 bright-field optical microscope (Nikon, Tokyo, Japan), whereas the inner and outer 

heights were evaluated by vertical scanning interferometry using a PLu Neox 3D Optical Profiler (Sensofar, 

Terrassa, Spain). 

2.3. Loading of CIP and COL into MCs and coating with chitosan 

Prior to drug loading, a shadow mask was aligned on top of the chip containing MCs  in order to minimize 

the amount of drug powder being distributed into the gaps between the MCs, as previously described 

(Abid et al., 2017).  

For the co-loading, CIP and COL powders were mixed in a 1:8 w/w ratio. CIP:COL or pure COL powder was 

loaded into MCs using a centrifuge method previously described (Jørgensen et al., 2019). In brief, the 

powder was distributed on top of the mask and the chip was subsequently centrifuged in a flat-bottomed 

Falcon tube using a Heraeus Megafuge 16R Centrifuge (Thermo Fisher Scientific, Waltham, MA, USA) at 

3720 g for 120 s at room temperature. Following this, the chip was removed from the Falcon tube and 
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additional powder was embossed into the cavity of the MCs by applying a pressure of 0.49·10-1 Torr for 

15 s with a compact digital pressure controlled electric crimper-MSK-160E (MTI Corporation, Richmond, 

CA, USA). The centrifugation and compression steps were conducted twice to ensure adequate drug 

loading. Afterwards, the shadow mask was removed and any excess drug around the MCs was gently 

removed using pressurized air. CIP was loaded into the MCs using only compression.  

The chips were weighed before and after loading to quantify the amount of loaded drug. Drug loading 

capacity was calculated as the amount of loaded drug relative to the weight of a drug-loaded MC. CIP:COL- 

and COL-loaded chips were stored in the freezer at -18 °C until usage to ensure drug stability, whereas 

CIP-loaded chips were stored at room temperature.  

Functionalization of the drug-loaded MCs was achieved by spray coating a lid of a chitosan solution over 

the chip using an Exacta Coat Ultrasonic Spray System (Sonotek, USA) with an accumist nozzle operating 

at 120 kHz. The chitosan solution was prepared by dissolving 0.5 % w/v chitosan in 0.1 M acetic acid, 

heated overnight at 50°C and subsequently, filtered using a 5-13 μm filter with vacuum suction. Each chip 

was coated with two alternating spray paths having an offset of 2 mm, resulting in a total of 90 passages 

for CIP:COL and COL, and 120 passages for CIP. To facilitate solvent evaporation, the plate underneath the 

chip was heated to 50°C. Generator power was kept at 1.3 W, path speed at 25 mm/s and infusion rate at 

0.1 mL/min. The applied shaping air pressure was 0.020 bar for CIP:COL and for COL MCs, and 0.028 bar 

for CIP-loaded MCs. The distance between the spray nozzle and the sample was set to 5.5 cm. 

The quality of the loading and the coating of the MCs was evaluated using a tabletop scanning electron 

microscope (SEM) (Hitachi High-Technologies Europe GmbH, Krefeld, Germany). The MC chips were 

placed on a 30° tilted holder and SEM images were acquired using the scattered electron (SE) detector 

and an accelerating voltage of 15 kV. 

2.4. Characterization of in vitro drug release from MCs using LC-MS 

The in vitro release from co-loaded MCs was investigated using liquid chromatography-mass spectrometry 

(LC-MS), and the MCs loaded with either CIP or COL were utilized as controls. A chip containing 625 MCs 

was diced into mini-chips containing 100-110 MCs using a diamond cutter. The mini-chip was placed in a 

Falcon™ tube containing 5 mL FAB medium (buffered minimal medium used for bacterial growth; for 

preparation see Supp. Materials, Table S1) at 100 rpm and 37°C. Samples of 200 µL were taken at 

specified time points over the course of 48 h and replaced with 200 µL blank FAB medium. Samples with 

drug concentrations above the upper limit of detection for the LC-MS assay were diluted with FAB medium 

as appropriate. All samples were stored at -18 °C prior to the analysis.  

Standards (0-50 µM CIP or COL) and samples were analyzed with a Shimadzu Nexera X2/Prominence HPLC 

(Shimadzu Europe, Duisburg, Germany) and ESI micrOTOF-Q III (Bruker Daltonics, Bremen, Germany) 

LC-MS setup. The LC was performed by a 5 µL injection of the analyte on a Poroshell 120 SB-C8 column, 

2.7 µm, 2.1x50 mm (Agilent, Santa Clara, CA, USA) followed by elution with a linear gradient of MeCN and 

2.5 mM NH4OH in water with 0.1 % formic acid (from 0 to 100 % over 9 min) at a flow rate of 0.4 mL/min. 

The chromatographic front (1.75 min) was diverted to waste, while the remaining run was injected into 
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the ESI micrOTOF-Q III mass spectrometer. A calibration solution consisting of 2.5 mM NaOH, 2.25 mM 

formic acid in 90 % i-PrOH/water was injected into the ion source between 1.75 and 1.85 min at a flowrate 

of 30 µL/h for internal calibration of the spectra. MS analysis was performed in positive mode in the range 

of 50-3,000 m/z at a rate of 2 Hz. For COL, a capillary potential of 5,000 V was employed, the nebulization 

pressure was 1.5 bar and the drying gas flow was set to 3 L/min at 180°C. For CIP, the parameters were 

4,500 V, 0.3 bar and 4 L/min at 200°C. All mass spectra were analyzed with the software QuantAnalysis 

(Bruker Daltonics, Bremen, Germany) to generate extracted ion chromatograms for 332.16±0.05 m/z 

(for CIP) and 1155.7±0.1 m/z (for COL) and the resulting peaks were integrated. 

All experiments were carried out in 3-6 replicates and data were normalized to 100 % in relation to the 

measured amount of drug release after 48 h.  

2.5. Bacterial strains and overnight culturing 

For all bacterial studies, a P. aeruginosa PAO1 strain (Klockgether et al., 2010) genetically modified to 

express green fluorescent protein (GFP) constitutively by insertion into a neutral intergenic region in the 

genome was used (Holloway and Morgan, 1986; Klausen et al., 2003; Stover et al., 2000). Overnight 

cultures of PAO1 were grown in lysogeny broth (LB) at 150 rpm at 37°C for 18-20 h. 

2.6. Time-kill studies of planktonic P. aeruginosa using co-loaded MCs 

For studying the ability of co-loaded MCs to inhibit bacterial growth, an inoculation of PAO1 overnight 

culture was diluted to a final concentration of approximately 1x106 cells/mL. As controls, single loaded 

MCs were used in the same set-up. To each vial containing 10 mL culture, treatment was added as either 

uncoated MCs, coated MCs or antibiotic solution (for concentrations see Figure 1). PAO1 in LB without 

treatment and pure LB were used as negative control. The number of added MCs varied according to the 

difference in antibiotic loading per MC (determined per individual chip) and the minimum inhibitory 

concentration (MIC) values of the antibiotics (aiming for reaching 4xMIC for each antibiotic). Vials were 

stored at 150 rpm and 37 °C during the course of the experiment. Samples were taken at 0, 3, 8 and 24 h, 

and viable counts were obtained by serial dilution followed by spot plating on LB agar plates. The plates 

were left to incubate overnight at 37 °C and colony forming units (CFU) were counted the following day. 
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Figure 1. Schematic presentation of the production of microcontainers (MCs) and the conducted experiments on P. 
aeruginosa PAO1. 1) Dimensions of fabricated MCs (mean±SD, n=6-12), co-loading or single-loading of ciprofloxacin 
hydrochloride (CIP) and/or colistin sulfate (COL) followed by coating with chitosan. 2) MCs were tested against PAO1 
cultures in shaken LB medium. Samples were taken over time for counting the colony forming units (CFU/mL). MCs 
were tested both with and without chitosan coating and compared to treatment with antibiotic in solution. See table 
for applied concentrations. Scanning electron microscopy (SEM) was applied as a visual assessment of bacterial killing 
after 24 h. 3) MCs were tested against PAO1 in biofilm mode of growth using flow-chambers and with confocal 
microscopy monitoring. See table for applied concentrations. 

2.7. SEM observation of P. aeruginosa cells post treatment with MCs 

A qualitative study was performed to investigate the ability of the coated CIP:COL, CIP or COL MCs to 

inhibit biofilm formation on glass slides over 24 h. Microscopic glass slides were cut into smaller rectangles 

of approximately 3x7 mm size using a diamond cutter. The glass slides were sterilized in ethanol for 20 

min, left to air dry and subsequently, mounted onto vials with Pressure Sensitive Adhesive (PSA) tape. 

Growth and treatment were conducted as described in Section 2.6. 

Sample fixation was completed as previously described by Weber et al. (Weber et al., 2014). In brief, the 

samples were covered with 2.5 % glutaraldehyde for 2 h, washed three times in phosphate buffered saline 

(PBS) and then transferred to wells containing 0.5 mL 1 % osmium tetroxide for 1 h. Thereafter, the 
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samples were dehydrated in solutions with increasing ethanol percentages (35 %, 50 %, 75 %, 2x90 %, and 

2x100 %) for 30 min in each solution. After the last dehydration step, the samples were placed in a critical 

point dryer (Leica EM CPD300 Critical point dryer, Germany) for 2 h to allow further dehydration of the 

sample without causing structural changes to the bacteria. Lastly, the samples were placed in a desiccator 

overnight. 

Prior to SEM analysis, the biofilm samples on glass slides were coated with a thin conducting layer of gold 

(Quorum Q150T ES Coater, Quorum Technologies, Lewes, United Kingdom) to prevent sample charging 

with the electron beam. Tooling factor was 2.3. Sputter current was kept at 20 mA and a sputter time of 

65 s were used, whereas the clean current was 60 mA and clean time of 30 s. The stage was rotating at a 

speed of 30 rpm. SEM images were acquired using a QFEG 200 Cryo-ESEM (FEI Company, USA) using the 

Everhart-Thornley (ETD) detector with high vacuum mode and a voltage of 5 kV. 

2.8. Growth of P. aeruginosa biofilms in flow chambers and treatment with antibiotics 

2.8.1. Growth of PAO1 biofilms 

The PAO1 biofilm growth was conducted in flow chambers suitable for MCs inoculation as previously 

described (Birk et al., 2020), with the only change that treatment was performed on a 72 h old biofilm. A 

sterile system was achieved by pumping 0.5 % v/v hypochlorite through the system over a period of 4 h 

followed by a cleaning procedure with filling and emptying the system three times with autoclaved MilliQ 

water. The system was perfused overnight with modified FAB minimal medium with trace metals (for 

preparation see Supp. Materials, Table S1), the flow was stopped, and the tubings were clamped and 

sterilized on the outside. Thereafter, 250 µL of a diluted overnight culture (with 0.9 % NaCl to OD600 of 

0.05) was inoculated carefully into the flow chamber and resealed with silicone glue. Flow chambers were 

left without flow for 1 h to allow bacterial attachment to the glass surface, before medium flow was 

resumed. Temperature was kept at 37°C throughout the entire experiment. 

2.8.2. Treatment with antibiotics 

Treatment with CIP and COL were conducted in two ways: I) as confined in coated MCs (either as co-

loaded or as single-loaded as controls), or II) as a constant perfusion. 70 MCs were added to each flow 

chamber, and constant perfusion was achieved by adding CIP and/or COL to the medium bottle (see Figure 

1 for concentrations). To allow inoculation of MCs, a solution of 2.5% w/v gelatin (Sigma-Aldrich Chemie 

GmbH, Steinheim, Germany) was used to disperse the microcontainer in the syringe instead of sticking to 

the walls of the syringe as described previously (Birk et al., 2020). Biofilms were treated for 24 h, after 

which images were acquired at a distance of 140-320 µm from the open side of the MCs and in case of 

perfusion at random locations in the flow chamber. 
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2.8.3. Microscopy parameters, image acquisition and analysis 

Biofilms were monitored using an inverted Leica TCS SP8 CLSM (Mannheim, Germany) equipped with an 

argon/krypton laser and detectors and filter set for sequential monitoring of GFP (excitation 

wavelength: 488 nm, emission range: 493-558 nm) for live cell imaging and propidium iodide 

(excitation wavelength: 543 nm, emission range: 558-700 nm) for dead cell staining. Images were 

obtained in z-intervals of 1 µm using an HC PL Apo CS2 63x oil objective (numerical aperture 1.4). PAO1 

expressed GFP consecutively, and propidium iodide had to be injected into the bubble trap. As control, 

four biological experiments were performed acquiring two images (technical replicates) of non-treated 

biofilm in each experiment at random positions within the flow chamber. For each treatment, 

3-5 biological replicates with 3-5 technical replicates were acquired. Stacked images and 3D images were 

generated using Imaris software (Version 7.7.1, Bitplane AG, Zürich, Switzerland). Volume of biomass was 

calculated using the image analysis software COMSTAT version 2.1 (Heydorn et al., 2000; Vorregaard, 

2008). Graphs depicting the fraction of live/dead biomass were generated by calculating the percentage 

of live/dead in relation to the total biomass measured at the specified time-point. 

2.9. Statistical analysis 

Data are expressed as the mean±SD, unless otherwise stated. For comparison of two individual mean 

values an unpaired t-test was applied, whereas a one-way ANOVA with Tukey’s multiple comparison was 

used if more than two mean values were compared. Graphs and tests were conducted in GraphPad Prism 

(Version 8.0.1, GraphPad Software, CA, USA) and p-values were considered statistically significant when 

below 1 % (p < 0.01).  

3. RESULTS AND DISCUSSION 

3.1. Loading of antibiotics into MCs and coating depositing 

MCs were produced with good reproducibility in the desired dimensions (see Figure 1 for dimensions). 

For the co-loading of CIP:COL, we chose a 1:8 w/w ratio based on the MIC values of the individual 

antibiotics towards PAO1 cells (0.125 µg/mL for CIP (Soares et al., 2019); 1 µg/mL of COL (Bergen et al., 

2010)). The loading resulted in 3.85±0.37 µg/MC CIP:COL, 5.16±0.54 µg/MC CIP or 3.32±0.57 µg/MC COL 

(n=12-18, mean±SD), corresponding to a drug loading capacity of 14.6-21.0 % w/w. Efficient loading was 

confirmed with SEM (Figure 2A and Supp. Materials, Figure S1). After drug loading, the cavity of the MCs 

was coated with a layer of chitosan, serving to promote bioadhesion. Moreover, chitosan is known to 

contribute to the killing of P. aeruginosa (Perinelli et al., 2018). The coating of CIP:COL- and COL-loaded 

MCs resulted in a uniform, fully covering lid, whereas the coating of CIP-loaded MCs was less uniform, a 

tendency also previously observed (Birk et al., 2020) (Figure 2B and Supp. Materials, Figure S1). 
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Figure 2. Scanning electron microscope (SEM) images of microcontainers (MCs) co-loaded with ciprofloxacin 
hydrochloride and colistin sulfate (1:8 w/w) (A) and subsequently coated with chitosan (B). 

3.2. In vitro drug release from MCs 

The release of CIP and/or COL from chitosan-coated MCs was evaluated at 37 °C in FAB medium at pH 6.8 

(Figure 3) (for release from uncoated MCs, see Supp. Materials Figure S2). 

The co-loaded chitosan-coated MCs released their entire COL cargo within the first 30 min reaching a 

release of 98.7±5.7 %. This was similar to what was observed from the single-loaded COL MCs 

(105.2±8.8 %), and co-loading therefore did not influence the release profile of COL. The release of CIP 

was significantly accelerated from the co-loaded MCs (79.0±6.4 % within 30 min) as compared to when 

CIP was single-loaded (13.8±1.2 % within 30 min). This tendency was also observed in a previous study 

with liposomes, where incorporation of COL significantly accelerated the CIP release compared to 

liposomes loaded only with CIP (Wang et al., 2018). Sustained release from chitosan particles is a well-

known phenomenon (Mohammed et al., 2017) and has previously been shown for CIP-loaded chitosan 

NPs (Patel et al., 2019) and CIP- or lysozyme loaded MCs (Birk et al., 2020; Mazzoni et al., 2019). The 

chitosan lid is shown to swell due to the hydrogel properties of chitosan (Ahmadi et al., 2015) creating 

pores which allows diffusion of CIP and COL. The diffusion rate depends on the hydrophilicity of the drugs, 

and the different release profiles can therefore be attributed to the higher aqueous solubility of COL (50 

mg/ml (Wang et al., 2016)) compared to CIP (varying solubilities reported: 0.17-30 mg/mL (Olivera et al., 

2011; Ross and Riley, 1994; Varanda et al., 2006)). Moreover, it is well known that surfactants influence 

the degree of hydrogel swelling and can provide micellar solubilization of poorly water-soluble drugs 

(Gunathilake et al., 2018; Wallace et al., 2010). As COL is amphiphilic in nature, we believe that COL served 

as a surfactant, affecting the swelling of chitosan and the associated drug release. In the current study, 

COL constituted approximately 90 % of the co-loaded MC (due to the large difference in MIC values of CIP 

and COL). Seemingly, the water soluble and fast-releasing COL drove the release of the otherwise less 

soluble CIP.  
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Figure 3. In vitro release of ciprofloxacin hydrochloride (CIP) and colistin sulfate (COL) from co-loaded or single-loaded 
microcontainers (MCs) coated with chitosan. Release study was performed at 37 °C in FAB medium at pH 6.8 and 
quantified by LC-MS. Data was normalized to 100 % and presented as mean±SD, n=3-4. 

3.3. Time-kill of planktonic P. aeruginosa using co-loaded MCs 

The capabilities of the drug-loaded and coated MCs to inhibit and kill planktonic bacteria were 

investigated by adding MCs to a growing population of P. aeruginosa (Figure 4) (for effect of uncoated 

MCs, see Supp. Materials Figure S3). Treatment with CIP:COL, CIP or COL significantly reduced bacterial 

growth compared to the PAO1 growth control (p≤0.0001). 

For co-loaded MCs, growth inhibition was increased compared to the monotherapies. The three types of 

treatments for the co-loaded MCs (uncoated, coated and solution) resulted in similar viable counts, which 

is in accordance with the rapid release of CIP:COL from the MCs (Figure 3 and Supp. Materials Figure S2). 

After 8 h, no growth was observed except for the coated MCs (note: only 1 out of 4 replicates showed 

growth). At 24 h, no growth was observed for any of the treatments.  

When treating with CIP in MCs or in solution, the maximum killing was reached at 8 h and regrowth was 

observed at 24 h, indicating a possible resistant subpopulation. No differences was observed between CIP 

in solution or confined in MCs throughout the 24 h period (p≥0.36). Presumably, the starting bacterial 

density was sufficiently low to allow a similar inhibition despite the sustained release observed with the 

chitosan coating (Figure 3).  

Similar reductions in viable counts were observed when treating with COL confined in MCs or in solution, 

which correlates with the release data showing that all COL was released within the first 30 min. In 

contrast to CIP treatment, treating with COL generally did not give rise to a significant difference (p≥0.02) 

between the viable counts after 3, 8, and 24 h, thus indicating that the amount of COL was sufficient to 

prevent further regrowth.  
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Altogether, the combination CIP:COL showed greater inhibition effect on PAO1 compared to single-loaded 

MCs, a synergistic effect of the two antibiotics reaching levels where all subpopulations were killed with 

no regrowth. The synergistic mechanism of CIP and COL on planktonic cells is not yet completely 

understood, but may be attributed to the ability of COL to enhance the uptake of CIP by destabilizing the 

outer membrane of the Gram-negative bacterium (Buyck et al., 2015). Recently, Yu et al. treated two COL-

resistant P. aeruginosa strains with 8 mg/L CIP and 2 mg/L COL delivered in a liposomal formulations and 

found an enhanced in vitro antimicrobial activity compared to the monotherapies (Yu et al., 2020). 

However, one strain showed regrowth after 24 h despite treating with the two antibiotics, whereas the 

other only showed a 2-log reduction. In our study (treating PAO1 with 0.5 mg/L CIP: 4 mg/L COL), we 

observed a full eradication, and the difference may be attributed to the selection of the strain or the 

applied ratio of antibiotics.  

 

Figure 4. Inhibition of planktonic growth of P. aeruginosa (PAO1) over time when co-delivering ciprofloxacin 
hydrochloride (CIP) and colistin sulfate (COL) in chitosan-coated microcontainers (MCs) or as antibiotic solution. As 
controls, treatment with CIP or COL alone (as coated MCs or antibiotic solutions) as well as a positive control for PAO1 
growth were included. Data is presented as mean±SD (n=3-6). 

3.4. SEM observation of P. aeruginosa cells post treatment with MCs 

SEM imaging of P. aeruginosa biofilms supported the viable counting results. Non-treated biofilms grew 

unevenly across the glass slide with certain areas containing huge and thick clusters (Figure 5A). These 

clusters were not found in the MC-treated samples, but instead single bacteria or small clusters were 

spread almost uniformly across the glass surface. However, the bacteria exposed to co-loaded and coated 

MCs were clearly affected by the treatment, and morphological changes appeared to correlate well with 
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the mechanism of action of the individual antibiotics. For the co-loaded CIP:COL MCs, the predominant 

effect on bacterial morphology originated from COL as cellular debris and deformed bacteria were 

observed (Figure 5B), yet, single bacteria did also appear elongated as evident from the zoom-in.  

When the biofilm was treated with CIP-loaded MCs, the bacteria appeared elongated, which is in 

accordance with the mechanism of CIP, inhibiting DNA replication and ultimately cellular division (Figure 

5C) (Aldred et al., 2014). Also, the membrane disordering effect of COL (Bialvaei and Samadi Kafil, 2015) 

was evident in the samples treated with COL-loaded MCs, as extracellular material could be observed in 

between the bacteria (Figure 5D). Moreover, the cell length appeared to be diminished and the bacteria 

to be collapsed. This is in accordance with previous results from the investigation of the effect of COL on 

the cellular structure of P. aeruginosa using atomic force microscopy (Mortensen et al., 2009). They 

observed that after only 3 h of COL treatment, the cells had almost completely lost their morphological 

structure. The visual assessment after treatment with CIP:COL MCs revealed that COL had the biggest 

impact on the bacteria, a tendency which is probably a consequence of two factors. Firstly, that the co-

loaded CIP:COL MCs contained significantly more COL than CIP, and secondly, that COL quickly destabilizes 

the membrane thereby, evading the cellular elongation as otherwise observed after the treatment with 

only CIP.  

 

Figure 5. Scanning electron microscopy (SEM) images of a P. aeruginosa PAO1 biofilm grown for 24 h and A) left 
without antibiotic treatment, B) treated with coated co-loaded ciprofloxacin hydrochloride (CIP) and colistin sulfate 
(COL) MCs, C) CIP MCs and D) COL MCs. Scale bars on the inserts are 10 µm. 
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3.5. Eradication of pre-formed P. aeruginosa biofilms  

The combination of COL targeting the metabolically inactive subpopulations with CIP being active against 

the metabolically active subpopulation has been shown to enable eradication of P. aeruginosa biofilms in 

vitro (Pamp et al., 2008). As previously reported, MC-based delivery increased the local antibiotic 

concentration, thus improving eradication (Birk et al., 2020). In this study, we evaluated the effect of co-

delivering CIP and COL in MCs on biofilm eradication. Before treatment, biofilms were grown for 72 h 

resulting in a biomass of 5.39±3.31 µm3/µm2 (n=43).  

CIP:COL co-loaded in MCs worked significantly faster than CIP:COL in solution, as a much larger fraction 

of the biomass was found dead after 5 h (62.5±8.3 % versus 10.6±10.1 %, p≤0.0001), which is also evident 

from the confocal images (Figure 6). We believe this effect is due to the burst release of the antibiotics 

from the MCs (Figure 3) creating an immediate high local drug concentration and ultimately more dead 

biomass. After 24 h, 69.6±13.8 % and 74.1±20.4 % of dead biomass was found for CIP:COL in MCs and for 

CIP:COL in solution, respectively, showing no significant difference (p-value of 0.4653). Interestingly, the 

biomass did not regrow after 24 h, showing, that despite all drug being released within 30 min from the 

MCs, a long-lasting effect still applies.  

COL in MCs worked significantly faster than COL in solution (56.3±12.3 % versus 3.7±5.1 % dead biomass 

after 5 h, p≤0.0001) (Supp. Materials, Figure S4). No regrowth occurred after 24 h, and confocal images 

revealed dead biomass only in the core of the biofilm cluster. Notably, COL in MCs gave rise to a larger 

dead biomass than COL in solution (56.8±17.4 % versus 29.2±18.0 %, p≤0.0001), which may indicate that 

less COL could be used to achieve the same bacterial killing.  

Treatment with CIP monotherapy for 5 h and 24 h resulted in a dead biomass of 14.1±10.8 % and 81.9±9.8 

% with CIP in MCs and 26.8±13.9 % and 85.8±10.5 % with CIP in solution, showing no statistical difference 

(p≥0.05, Supp. Materials, Figure S4) despite the local and sustained CIP release observed from the MCs. 

As evident from the confocal cross-section (Supp. Materials, Figure S4), CIP killed the bacteria in the 

periphery of the biofilm clusters. Previously, we reported that 88.2±5.3 % of the biomass was killed, when 

exposing the biofilm to MCs loaded with about one-third of the CIP dose administered in the present study 

(~120 µg versus 336 µg) (Birk et al., 2020). This is very interesting, as no further improvement in the 

bacterial killing was found despite the increased concentration of CIP. This proves that CIP-loaded MCs 

are effective even with less antibiotic used. However, they are not able, despite increasing the dose, to 

eradicate the remaining fraction, which might be due to a dormant or resistant subpopulation not affected 

by CIP. To address this subpopulation, we aimed at delivering a synergistic CIP and COL therapy, but, as 

evident from the present study, no full biofilm eradication occurred neither with the solutions nor when 

confined in MCs.  

Only few studies have been published employing drug delivery carriers for co-delivery of CIP and COL, and 

these all involve liposomes (Chai et al., 2019; Wang et al., 2018; Yu et al., 2020). This focus on liposomes 

is likely due to their biocompatibility combined with a unique property allowing fusion with bacterial 

phospholipid bilayers, whereby channels to release their antimicrobial cargo directly into the intracellular 
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space of the bacterium are created (Forier et al., 2014). However, liposomes often suffer from a poor drug 

loading capacity, which is usually much lower than 10 % w/w (Lee, 2020), and as a result, the quantity of 

drug is not sufficient to reach therapeutic levels in the body, or the amount of the carrier material required 

is too high which may cause undesirable side-effects (Couvreur, 2013).  

This is the first time that two synergistic antibiotics have been delivered in microfabricated devices such 

as MCs. The drug loading capacity of the applied MCs varied between 14.6-21.0 % w/w, being considerably 

higher than loading values reported for liposomes. Our results clearly prove that the antibiotics confined 

in MCs works significantly faster than the antibiotic solutions. This shows the potential of the MCs in 

delivery of immediate high local concentrations of multiple antibiotics at the site of infection. Future 

studies will include a detailed investigation of the influence of varying antibiotic concentrations as well as 

treatment with antibiotics with other mechanisms of actions. Pamp et al. showed that a combined 

treatment with CIP and COL was able to kill almost all cells in a P. aeruginosa biofilm as less than 10 cell/mL 

survived the combinational treatment compared to 3.80x105-2.25x107 cells/mL on average in separately 

treated biofilm (Pamp et al., 2008). The concentrations of applied antibiotics were significantly higher 

than the concentrations applied in this study (60 µg/mL CIP and 25 µg/mL COL versus 4 µg/mL CIP and 2.5 

µg/mL COL) and a full eradication may therefore be achieved by increasing the drug concentrations. 

Moreover, to achieve full biofilm eradication other combinational strategies may be included such as 

incorporation of agents that degrade the extracellular matrix, promoting disruption of biofilms. Such a 

mechanism might promote phenotypical alterations making the otherwise tolerant dormant cells more 

susceptible.   
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Figure 6. 72 h old P. aeruginosa (PAO1) biofilm treated with ciprofloxacin hydrochloride and colistin sulfate (CIP:COL) 
confined in MCs coated with chitosan or as a solution. Quantitative analysis of the biomass (µm3/µm2) converted to 
the fraction of live/dead (%) cells. Data is depicted as mean+SD (n=4-5 biological replicates with 3-5 technical 
replicates for each type of treatment). Representative confocal laser scanning microscopy (CLSM) images of the 
biofilm before treatment, and 5 and 24 h post treatment with CIP:COL in MCs or as a solution. Green represents live 
bacteria and red shows dead bacteria. Scale bars: 30 µm.  
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4. CONCLUSION 

Previous studies utilizing MCs have primarily focused on delivery of single drug entities. In this study, we 

exploited the potential of co-delivery of two synergistic antibiotics, namely CIP and COL using MCs. We 

demonstrated that the activity of the antibiotics was retained while loaded in MCs. Combining CIP:COL in 

MCs showed greater effects on the killing of planktonic P. aeruginosa than the monotherapies, thus the 

two antibiotics synergistically killed all subpopulations as no regrowth occurred. In contrast, full 

eradication could not be achieved when treating a 72 h old biofilm with MCs, yet the MCs worked 

significantly faster than the solution. These results show that the MCs have a great potential as delivery 

system for biofilm treatment by reaching immediate high local drug concentration of multiple drugs at 

the site of infection. 
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Table S1. The composition of modified FAB medium. A10 buffer, FB minimal medium with trace metals and the carbon 
source were autoclaved separately and mixed afterwards. Concentrations are given as final concentrations. *Carbon 
source was not added for the release studies to avoid unintentional growth. 

A10 buffer FB minimal medium with trace metals Carbon source* 

33.7 mM Na2HPO4·2H2O 
22.0 mM KH2PO4 

15.1 mM (NH4)2SO4 

51 mM NaCl 

 

1 mM MgCl2 
0.1 mM CaCl2 
20 µg L-1 CaSO4·2H2O 
20 µg L-1 FeSO4·7H2O 
2 µg L-1 MnSO4·H2O 

2 µg L-1 CuSO4·5H2O 
2 µg L-1 ZnSO4·7H2O 
1 µg L-1 CoSO4·7H2O 
1 µg L-1 NaMoO4·H2O 
0.5 µg L-1 H3BO3 

0.3 mM glucose 

 

 
 

 

 

 

 

Figure S1. Scanning electron microscope (SEM) images of microcontainers (MCs) loaded with ciprofloxacin 
hydrochloride (A) or colistin sulfate (C) and subsequently coated with chitosan (B,D). Amount of loaded drug per MC 
is given as the mean±SD calculated based on the known amount loaded into one chip.  
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Figure S2. In vitro release of ciprofloxacin hydrochloride (CIP) and colistin sulfate (COL) from co-loaded or single-
loaded microcontainers (MCs) without chitosan coating. Release study was performed at 37 °C in FAB medium pH 6.8 
and quantified by LC-MS. Data was normalized to 100 % and presented as mean±SD, n=3-4. 

 
 

 

Figure S3. Inhibition of planktonic growth of P. aeruginosa (PAO1) over time when co-delivering ciprofloxacin 
hydrochloride (CIP) and colistin sulfate (COL) in uncoated microcontainers (MCs). As controls, treatment with CIP or 
COL alone in uncoated MCs as well as a positive control for PAO1 growth was included. Data is presented as mean±SD 
(n=3-6).   
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Figure S4. 72 h old P. aeruginosa (PAO1) biofilm treated with ciprofloxacin hydrochloride (CIP) (A) or colistin sulfate 
(COL) (B) either as solution or confined in MCs coated with chitosan. Quantitative analysis of the biomass (µm3/µm2) 
converted to the fraction of live/dead (%). Data is depicted as mean+SD (n=3-5 biological replicates with 3-5 technical 
replicates for each type of treatment). Representative confocal laser scanning microscopy (CLSM) images of biofilm 
before treatment, and 5 and 24 h post treatment with CIP or COL solution or MCs. Vertical sections show how the 
two different antimicrobials targets metabolically active cells versus dormant cells. Green represents live bacteria. 
Red represents dead bacteria. Scale bars: 30 µm. 
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ABSTRACT 

Bacterial biofilm-related infections are difficult to eradicate and require repeated treatments with high 

doses of antibiotics. Thus, there is an urgent need for new and robust treatment strategies that can 

minimize the use of antibiotics and at the same time enhance eradication of biofilm. Functionalized 

reservoir-based microdevices, such as microcontainers (MCs), offer high drug loading capacity, mucus 

embedment and tunable drug release, therefore making them interesting candidates for local delivery of 

antibiotics into biofilm. Here, MCs are loaded with the antibiotic ciprofloxacin, and subsequently sealed 

with a lid consisting of chitosan (CHI) and a mucolytic agent, N-acetylcysteine (NAC). We find that CHI and 

NAC work synergistically, showing improved mucoadhesive and mucolytic properties. The CHI/NAC 

functionalization significantly accelerates ciprofloxacin release from MCs, with 100 % release within 1 h, 

whereas MCs only functionalized with CHI reach full release within 40 h. We show for the first time, that 

it is possible to use mucin-containing medium in a perfusion microfluidic platform, an essential factor for 

better mimicking of the in vivo habitat of the bacteria.  When evaluating the effect of MCs on 

Pseudomonas aeruginosa (P. aeruginosa) biofilms grown in a newly developed in vitro centrifugal 

microfluidic system with a mucin-containing medium, we find that the CHI/NAC coated MCs improve 

eradication of biofilm (88.22±2.89 %) compared to CHI-coated MCs (72.68±3.73 %) or bolus injection 

(39.86±13.28 %). Our findings suggest that MCs are significantly more efficient than a bolus treatment. 

Furthermore, CHI/NAC functionalized MCs are able to kill most of the biomass already after 5 h 

(80.75±3.50 %), mainly due to a fast drug release. This it to the best of our knowledge, the first time where 

CHI/NAC has been combined to explore mucolytic properties on bacterial biofilms. These results show an 

effective MC-based treatment strategy which potentially can limit side effects and lead to a reduced use 

of antibiotic in future therapies. 

 

KEYWORDS 

Microdevices; In vitro perfusion system; Artificial sputum medium; N-acetylcysteine; Chitosan; 

Pseudomonas aeruginosa biofilm  
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1. INTRODUCTION 

Bacterial biofilms are 10-1000 times more tolerant towards antimicrobial agents compared to their 

planktonic counterparts [1–4]. Reportedly, up to 80 % of bacterial infections in humans are associated 

with biofilms [5] resulting in a substantial economic burden and healthcare cost [6]. Biofilms are 

aggregations, where microbial cells adhere to each other and produce a matrix of extracellular polymeric 

substances (EPS) consisting of DNA, proteins and polysaccharides [7]. Due to the nature and structure of 

the EPS matrix, it is one of the main protections of the bacteria, capable of decreasing the diffusion of 

antimicrobial agents through the biofilm layers [3,8,9]. 

One of the most studied pathogenic biofilm-forming species is the Gram negative bacterium 

Pseudomonas aeruginosa (P. aeruginosa) [10]. This pathogen often creates highly recalcitrant infections 

in people with chronic wounds [11] and with a compromised host defense such as in patients with cystic 

fibrosis [12] or AIDS [13,14]. These infections are associated with a high rate of morbidity and a mortality 

[15]. The mucosal epithelial surfaces of our human body are covered with layers of viscous mucus, in 

which pathogens can reside and develop serious infections [16,17]. It has specifically been shown that 

mucins [17,18], which are glycoproteins produced by epithelial goblet cells and the main gel-forming 

component of mucus, help biofilm formation of P. aeruginosa [19]. 

Depending on the type of bacterial infection, patients are treated with antibiotics with different 

mechanism of action. Quinolones are widely used in clinics since they inhibit bacterial DNA synthesis by 

blocking DNA gyrase and topoisomerase IV, ultimately causing bacterial death [20]. Ciprofloxacin 

hydrochloride (CIP) is a second-generation quinolone commonly used to treat P. aeruginosa biofilm 

infections [21,22]. Intravenous or oral administrations of antibiotics often fail as they cannot be dosed in 

concentrations that are sufficiently high to eradicate biofilms, considering the risk of side effects as well 

as the threat of developing antibiotic resistance [23]. 

Therefore, the use of antimicrobial delivery systems, which can create high local drug concentrations and 

enhance penetration through the EPS, thereby leading to enhanced eradication of bacteria in biofilm, has 

gained great interest [9,24]. Reservoir-based polymeric microdevices, with a large drug loading capacity, 

ensuring the local delivery of high drug concentrations in the intestinal mucosa or in close proximity of 

biofilms, have been proposed as promising tools for drug delivery [24–26]. Microcontainers (MCs), which 

are polymeric cylindrical microdevices, have been shown to increase oral bioavailability of small drugs, 

possibly due to mucoadhesion and engulfment in the intestinal mucus [27,28]. After drug loading, the 

MCs can be sealed and functionalized with a polymeric coating, designed to protect the drug from the 

exterior environment and to enable tailored and controlled release [27,29–31]. Moreover, our latest 

findings show that local delivery of CIP by the use of MCs promoted eradication of P. aeruginosa biofilms 

with the use of substantially lower antibiotic concentrations compared to bulk delivery [24]. 

There are various strategies to improve the effect of antibiotic treatment. For instance chitosan (CHI), a 

cationic polysaccharide, has been widely used as a mucoadhesive polymer increasing the residence time 

of drug formulations at the site of action, caused by electrostatic interactions and hydrogen bonding [32]. 

Moreover, CHI can provide a controlled antibiotic release [33,34]. Earlier, we found that CIP-loaded MCs 
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functionalized with CHI, showed slightly higher average biofilm eradication than other polymeric coatings, 

such as polyethylene glycol and Eudragit S100 [24]. The effect can be attributed to the known 

antimicrobial activity of CHI [35,36]. 

In order to further increase the efficacy of treatment, mucolytic agents are often used in diseases such as 

cystic fibrosis, in order to reduce the bulk viscoelasticity of the thick mucus layer in the lungs [37]. 

N-acetylcysteine (NAC) is one of these mucolytic agents, that has proven to be beneficial in inhibiting 

biofilm adherence and development, as well as in disrupting pre-formed mature P. aeruginosa biofilms 

[38–42]. NAC is a drug approved by the U.S. Food and Drug Administration (FDA) [43], and is widely used 

in connection with a number of clinical conditions, including chronic bronchitis, due to its inherent 

mucolytic and antioxidant effects [44]. NAC selectively breaks the thiol-disulfide bonds between the 

glycoproteins in the mucin, ultimately reducing the degree of cross-linking and thereby, the viscosity of 

the mucus [45]. The synergistic use of CHI and NAC has previously been studied, however mostly in lipid-

based carriers. For instance, Hamedinasab et al., demonstrated  prolonged release of NAC from liposomes 

in the lungs after inhalation [46], and it has also been shown that nanostructured lipid carriers improve 

ophthalmic bioavailability within the ocular mucosa [47]. Additionally, CHI-based nanomicelles 

functionalized with NAC provide improved bioadhesion, mucus penetration and ultimately enhanced oral 

absorption of hydrophobic drugs with an otherwise poor penetrative profile [48]. 

 

Figure 1. Schematic representation of the functionalized microcontainers (MCs) for local delivery of antibiotics to the 
mucin-embedded biofilm and the in vitro centrifugal system: Bacterial Culture on Disc (BCoD). Illustration of the 
proposed effect of the functionalized MCs on the biofilm (red are killed and green are live bacteria), where chitosan 
(CHI) (purple) may provide a prolonged residence time of the MCs, while the combination of CHI and N-acetylcysteine 
(NAC) (blue) coating may further improve biofilm eradication, due to the mucolytic effect of NAC (A). The BCoD system 
(B) and close-up of the bacterial culture chamber, where P. aeruginosa biofilm (green) is grown in the presence of 
mucin (yellow) and treated with antibiotics loaded in functionalized MCs (C). 
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Here, we investigate whether functionalization with CHI/NAC of CIP-loaded MCs can further improve 

eradication of P. aeruginosa biofilms. Our hypothesis is that the CHI/NAC coating can have a dual effect 

on eradication of biofilms by enhancing (i) local delivery, due to the mucoadhesive properties of CHI and 

(ii) improve drug diffusion into the biofilm, thanks to the mucolytic effect of NAC (Figure 1A). Although, 

there are a few studies, evaluating the mucoadhesive properties of CHI/NAC [48], this is, to the best of 

our knowledge, the first time where the combination of these two compounds is used to explore the 

mucolytic properties on bacterial biofilms. 

In this study the mucolytic effect of NAC, as well as the mucoadhesive effect of the CHI/NAC blend is 

evaluated with Quartz Crystal Microbalance (QCM) and we assess the effect of the CHI/NAC 

functionalized, CIP-loaded MCs on biofilms in a novel in vitro system (Figure 1B). 

The centrifugal microfluidic-based in vitro system, the bacterial culture on disc (BCoD) platform 

(Figure 1B), provides a unique possibility to perform studies on biofilms embedded in mucin (Figure 1C), 

often unachievable with commonly available in vitro platforms [49]. In vitro, the P. aeruginosa biofilm is 

grown under flow condition in artificial sputum medium (ASM) [49], mimicking the sputum of cystic 

fibrosis patients and providing a microenvironment similar to in vivo condition [50]. As other microfluidic 

systems, the BCoD works with small reagents volumes (from µL to few mL), enabling the use of complex 

and expensive growth media such as ASM, and additionally does not necessitate the use of auxiliary 

pumps [49]. Pumps and tubing introduce additional reagent consumption. Thus, the BCoD is ideal for 

minimizing reagent consumption and to the best of our knowledge, ASM has never previously been used 

in perfusion microfluidic bacterial culture platforms. In the BCoD, the antimicrobial activity of the 

developed CHI/NAC and CHI-functionalized MCs is compared to bulk delivery of unconfined antibiotics. 

2. MATERIALS AND METHODS 

2.1. Materials 

Silicon (Si) wafers (4'' (100) n-type) were acquired from Okmetic (Vantaa, Finland), while the SU-8 

constituents (SU-8 2075 and SU-8 Developer) were obtained from Micro Resist Technology (Berlin, 

Germany). CIP were from Fagron (Uitgeest, The Netherlands), while CHI (low MW 50-190 kDa, 75-85 % 

deacetylation), acetic acid, NAC, citric acid, sodium hydroxide, disodium hydrogen phosphate, sodium 

chloride, hydrogen chloride, mucin powder from porcine stomach (Type II), Luria Bertani (LB) medium, 

propidium iodide (label for identification of dead cells) and Alcian blue (label for identification of mucin) 

were all acquired from Sigma-Aldrich (St. Louis, MO, USA). All components used for FAB medium and ASM 

medium (composition and preparation in Supporting Information, Table S1 and Table S2) were bought 

from Sigma-Aldrich (St. Louis, MO, USA). Gold sensors (QSX 301 Gold) were acquired from Biolin Scientific 

AB (Västra Frölunda, Sweden). Poly(methyl methacrylate) (PMMA) with a thickness of 5 mm was 

purchased from Nordisk plast (Randers, Denmark), while PMMA with a thickness of 0.5 mm was from PSC 

A/S (Brønderslev, Denmark). ARcare 7840 pressure sensitive double adhesive tape (PSA) was purchased 

from Adhesive Research (Limerick, Ireland), and cover glass was obtained from Gerhard Menzel 

B.V.&Co.KG (Braunschweig, Germany). Syringes and needles were acquired from Hounisen 
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Laboratorieudstyr A/S (Jystrup, Denmark), whereas filters were from CHROMAFIL®, Macherey-Nagel 

(Düren, Germany). Ultrapure water was obtained from a Q-POD® dispenser (Merck Millipore, Burlington, 

MA, USA).  

2.2. Characterization of the mucolytic activity of CHI/NAC by the use of quartz crystal microbalance 

with dissipation (QCM-D) 

The mucolytic effect of NAC in the presence of CHI was monitored in real-time as changes in frequency 

and dissipation shifts of a mucin layer dispersed onto gold sensors QSX 301 in a Q-Sense E1 Analyzer 

(Q-Sense AB, Gothenburg, Sweden). The QCM-D experiments were performed at room temperature using 

0.1 M citric acid/0.2 M isotonic phosphate buffer adjusted to pH 4 at a flow rate of 0.1 mL/min. A 25 mg/L 

mucin solution was freshly prepared by dissolving mucin powder in the citric acid/phosphate buffer with 

gently stirring at 100 rpm for 1 h. The control solutions, containing 0.4 or 20 mg/mL NAC in citric 

acid/phosphate buffer, were stirred for 1.5 h before use. The CHI solution was prepared in a concentration 

of 100 mg/L and stirred at 50°C overnight. To prepare the CHI/NAC solution, 0.4 mg/mL NAC was added 

to an already solubilized CHI solution and dissolved by stirring for 1.5 h, giving rise to a concentration 

similar to the one applied for the spray coating process (20 mg/mL NAC in 0.5 % w/v CHI, see section 

”Functionalization and coating of MCs”). Each solution of NAC and CHI were manually filtered using a 

0.8 µm pore size syringe filter and subsequently degassed. 

Prior to each QCM-D experiment, the flow module and gold sensors were cleaned multiple times by 

rinsing with Milli-Q water, ethanol and acetone and dried with pressurized air. Citric acid/phosphate 

buffer was flown in the detection chamber for 30 min in order to obtain a stable frequency and dissipation 

baseline on the QCM. The mucin solution was introduced onto the sensor for 1.5 h to allow absorption of 

a mucin layer on the gold sensor. Subsequently, the system was rinsed for approximately 15 min with 

buffer to remove any unbound mucins. CHI, NAC, or CHI/NAC solutions were added for 1 h and changes 

in frequency and dissipation was monitored. Lastly, any unbound molecules were removed by rinsing the 

gold sensor with a buffer solution for 30 min. For each step in the assay, the flow rate was kept at 

0.1 mL/min for the entire experiment. All data was subsequently fitted in a Voigt Kelvin model providing 

information on the viscoelastic properties, i.e. dissipation behaviour, of the layer. Data in the 3rd overtone 

was used for analysis in the QTools software (Version 3, Q-Sense AB, Sweden). All experiments were 

performed in duplicates and results normalized to start at 0 in frequency and dissipation. 

2.3. Fabrication and antibiotic loading of MCs 

MCs were fabricated using a two-step photolithography process originally described by Tao et al. and later 

modified by Nielsen et al. [51,52]. In brief, Si wafers were covered with a layer of the negative epoxy 

photoresist SU-8 and subsequently, exposed to a number of baking steps allowing the formation of the 

bottom and the side walls of the MCs. After fabrication, the wafers were diced into chips (12.8×12.8 mm2), 

with each chip containing 625 individual MCs. For the biofilm assays, harvesting of individual MCs was 

enabled by addition of a release layer under the MCs, made by electron beam deposition of 5 nm titanium 
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and 20 nm gold on the Si wafer prior to baking (Temescal FC-2000, Ferrotec Corporation, USA). The inner 

and outer diameters of the individual MCs were determined with an Eclipse L200 bright-field optical 

microscope (Nikon, Tokyo, Japan), whereas the inner and outer heights were evaluated by vertical 

scanning interferometry using a PLu Neox 3D Optical Profiler (Sensofar, Terrassa, Spain). 

MCs were loaded with the antibiotic, CIP, using an embossing method as previously described [53]. In 

short, a shadow mask was attached on top of the chip to cover the gaps between the MCs. CIP was 

distributed on the chip with a brush and subsequently embossed into the cavity of the MCs by applying a 

pressure of 0.49 ·10-1 T with a compact digital pressure controlled electric crimper-MSK-160E 

(MTI Corporation, Richmond, CA, USA). Afterwards, the shadow mask was removed and any excess of CIP 

outside the MCs were gently removed with pressurized air. The chips were weighted before and after 

loading to quantify the amount of drug. 

2.4. Functionalization and coating of MCs 

After loading, the opening of the MCs was coated with CHI and NAC. Coating was achieved by spraying 

the solution over the chip with MCs using an ExactaCoat Ultrasonic Spray System (Sonotek, USA) with an 

accumist nozzle operating at 120 kHz. 0.5 % w/v CHI was dissolved in 0.1 M acetic acid by heating 

overnight (50°C) and subsequently, filtered using a 5-13 µm filter with vacuum suction. For the CHI/NAC 

coating solution, NAC was added in concentrations of 10, 20, or 40 mg/mL, corresponding to CHI/NAC 

ratios of 1:2, 1:4, or 1:8 w/w. 

Each chip was coated with either CHI or the CHI/NAC-mixture with two alternating spray paths having an 

offset of 2 mm, resulting in a total of 120 passages. To allow solvent evaporation, the plate underneath 

the chip was heated to 50°C. Generator power was kept at 1.3 W, path speed at 25 mm/s, infusion rate 

at 0.1 mL/min and the air pressure at 0.026 bar. The distance between the spray nozzle and the sample 

was set to 5.5 cm. 

2.5. Surface characterization of loaded and coated MCs 

Visualization of the MCs after loading and coating was carried out by scanning electron microscopy (SEM) 

using a Hitachi Tabletop Microscope (Hitachi High-Technologies Europe GmbH, Krefeld, Germany). The 

chips were observed on a 30° tilted holder and images were acquired using the scattered electron (SE) 

detector and an accelerating voltage of 15 kV for highest quality images. The thickness of the CHI and 

CHI/NAC coatings was assessed by spraying the solutions onto flat Si chips with a layer of SU-8 deposited 

on top, half covered with a glass slip. Subsequently, measurements were conducted with an Alpha-Step 

IQ Stylus Profilometer (KLA-Tencor, Corporation, Milpitas, USA) using a scan speed of 50 µm/s and a tip 

force of 8.17 mg. Measurements were conducted at three different locations on each coated chip and 

presented as mean±standard deviation (SD). 
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2.6. In vitro release of CIP from MCs 

The release of CIP from the functionalized MCs was studied using a µDiss Profiler (Pion Inc. Wobrun, MA, 

USA). Initially, a calibration curve for each probe was prepared by adding specified volumes of a 2 mg/mL 

CIP solution in MilliQ to 20 mL of FAB medium (composition in Supporting Information, Table S1) and 

monitored by UV-absorbance. 

For the release study, a chip with MCs was attached to a cylindrical magnetic stirrer with carbon tape, 

placed in a glass vial and subsequently, covered with 20 mL FAB medium. All studies were performed at 

37°C with a stirring rate of 100 rpm and with UV in situ probes with a path length of 5 mm. Second 

derivative UV spectra in the range of 350-355 nm were collected over a period of 40 h. The percentage of 

released CIP was calculated from the known amount of drug loaded per chip. All experiments were carried 

out in 3-6 replicates and data were normalized to 100 % in relation to the total drug release after 40 h. 

2.7. Bacterial strain and culture condition 

The P. aeruginosa (PAO1) [54] strain was genetically modified by introducing a gene encoding green 

fluorescent protein (GFP) in the chromosome at a neutral side using Tn7 tagging [55], making the bacteria 

fluoresce green under the microscope when exposed to a 488 nm light source. Overnight cultures of PAO1 

were prepared in LB medium at 37°C, and 40 µL culture diluted to a final concentration of approximately 

1 x 108 cells/mL (OD600 of 0.05) was used as inoculum. 

2.8.  In vitro microfluidics platform for bacterial growth and monitoring 

The BCoD (Figure 2A) was designed and fabricated as described in details by Serioli et al. [49]. Briefly, the 

platform consists of three PMMA layers bonded together by two PSA layers, and is composed of an inlet 

and waste reservoir together with a cell culture chamber (Figure 2A, insert). A detailed description of the 

fabrication and assembly is provided in the Supporting information, BCoD fabrication (Figure S1). 

Figure 2A shows the stack of BCoD placed in an incubation room, where it can be observed that the 

opening in the BCoD is closed with sterile filters (Figure 2A). The cell culture chamber (Figure 2B) has a 

depth of 1 mm with an inner volume of 32 µL and  is closed with a cover glass (described in the Supporting 

Information, BCoD fabrication, Figure S1), to achieve optimum imaging with an upright Leica SP5 CLSM 

confocal laser scanning microscope (Leica Microsystems, Mannheim, Germany). For this application, 

compared to the previous design [49], the cell culture chamber was modified in order to be able to allow 

the insertion of the MCs and to maximize their contact with the formed biofilm attached on the glass lid 

(Figure 2B, close-up).  

More specifically, the size of the chamber was halved (1 mm, 32 µL) and an opening close to the cell 

chamber was created as shown in Figure 2B. In the in vitro system (Figure 2A and 2B), the culture medium 

flows from the inlet reservoir and reaches the cell chamber through a serpentine channel. The shape of 

the channel was designed in order to enable good mixing of nutrients, without sharp edges, and to avoid 

trapping of bubbles. Waste products and detached clusters of bacteria moved from the cell chamber to 

the waste reservoir through a straight channel. Prior to inoculation with bacteria, the disc was sterilized 
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for 20 min with 0.5 M sodium hydroxide and carefully rinsed with sterile water and FAB minimal medium 

(without glucose). After sterilization, the platform was filled with medium and placed on the spin stand 

(rotation was achieved with a spindle motor, RE 35, Maxon motor AG, Sachseln, Switzerland) as shown in 

Figure 2A. The rotational frequency was set to 2 Hz for a few seconds to prime the cell culture chamber 

and to create the front of the liquid, then the rotation of the disc was stopped, and PAO1 was inoculated 

into the cell chamber through an inoculation channel using a syringe needle. During inoculation, the 

opening of the inlet reservoir was closed in order to avoid contamination of bacteria in the inlet reservoir. 

After 1 h in static condition, the disc was spun with a defined rotational frequency to achieve the required 

flow rate of 1 µL/min (calibration curve of the BCoD is presented in Figure S2). The flow rate was kept 

constant throughout the experiment if not otherwise specified. 

 

Figure 2. Bacterial culture on disc (BCoD) systems stacked on a spin stand with sterile filters, placed in the opening of 
the BCoD via luer connectors, in an incubation room. The insert shows the main operational units on the BCoD, the 
microcontainers (MCs) on the chip and the syringe needle used for the removal of MCs from the chip (A). Graphical 
representation of the cell culture chamber on the BCoD and the illustration of the addition of the MCs in the chamber. 
The close-up depicts the cell culture chamber with the formed bacterial biofilm in the presence of mucin and the 
effect of the antibiotics delivered with the functionalized MCs (B). 

2.9. PAO1 growth and antibiotic treatment monitoring in BCoD 

PAO1 was grown from single cells to a biofilm using two different dilutions of ASM: i) 100 times diluted 

mucin and nutrients (following called “mucin poor ASM”) and ii) 10 times diluted mucin and 100 times 

diluted nutrients (following called “mucin rich ASM”) (preparation in Supporting Information, Media 

preparation). The selected flow rate was 1 µL/min. The biofilm was monitored during formation and 

before and after antibiotic treatment with confocal microscopy. To be able to detect dead cells, 2 µL of 

propidium iodide (20 mM) was introduced in the inlet reservoir. After formation of the biofilm, antibiotic 

treatment was administered either as I) bolus injection (antibiotic introduced directly in the cell chamber), 

II) CHI-coated MCs or III) CHI/NAC (1:8 w/w)-coated MCs (Figure 3). For comparison, the antibiotic 

treatment was carried out with same final concentration (4 µg/mL) of CIP in the cell culture chamber. The 

effect of the treatment was evaluated 5 h and/or 24 h after introduction of antibiotic. The bolus injection 

and the quantity of MCs introduced into the cell chamber were calculated (Supporting Information 
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Calculation S1) considering the concentration used in previous studies [49]. 

In all experiments, the bacterial biofilm was grown for 48 h, when cultured in mucin rich medium, while 

for 72 h in mucin poor medium, followed by CIP treatment for 24 h. When the MCs were introduced in 

the disc, images were collected near and far from the MC in order to cover the entire cell chamber. 

 

Figure 3. Schematic representation of the strategies for mucin embedded biofilm eradication, illustrating the 
expected effect of the treatment, when ciprofloxacin hydrochloride (CIP) was administered directly as bolus (I) and 
when delivered in functionalizes MCs, namely chitosan (CHI) (II) and chitosan/N-acetylcysteine (CHI/NAC) coated 
MCs (III). 

2.10. Data collection and statistics 

GraphPad Prism (Version 8.0.1, GraphPad Software, CA, USA) and Origin(Pro) 2019b (OriginLab Corp, 

Northampton, USA) was used to analyze and display the data. All data are expressed as mean±SD, unless 

otherwise stated. Microscopic monitoring of bacterial biofilms and effect of MCs were completed using 

an upright Leica equipped with an argon/krypton laser and detectors and filter sets for simultaneous 

monitoring of GFP (excitation: 488 nm, emission: 493–558 nm) for live cell imaging and propidium iodide 

(excitation: 543 nm, emission: 558–700 nm) for dead cell staining. Sequential line scanning was used to 

avoid cross talk. Images were obtained using a 50x water objective (numerical aperture 0.75). The 

microscopy images were collected throughout the cell culture chamber in order to cover the entire 

chamber. The confocal images were treated using IMARIS software (Bitplane AG) and the collected images 

were used to calculate the bacterial biomass using Comstat (Comstat, Technical University of 

Denmark) [56]. For the evaluation of the effect of treatment on biofilms, two biological replicates were 

used for each treatment strategy with eighteen technical replicates in each case. Statistical analysis were 

conducted using GraphPad Prism (Version 8.0.1, GraphPad Software, CA, USA). p-values were calculated 

using the unpaired t-test (p ≤ 0.05 was considered significant). 
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3. RESULTS & DISCUSSION 

3.1. Characterization of the mucolytic activity of CHI/NAC coating 

NAC has proven to be beneficial for disruption of mature biofilms due to its mucolytic effect [38–40], but 

we also found it important to test if this effect was compromised when used in combination with CHI. 

Therefore, the mucolytic activity of NAC, in the presence of CHI, was investigated using a QCM-D-based 

assay, monitoring changes in frequency (∆f) and dissipation (∆d) (Supporting Information, QCM-D results, 

Figure S3 and Figure S4). We observed that the addition of 0.4 mg/mL NAC gave rise to a slightly increased 

frequency and dissipation (∆f=0.59 and ∆d=0.2) (detailed explanation in Supporting Information, QCM-D 

results). When 100 mg/L CHI was introduced onto the sensor, this caused an immediate decrease in 

frequency (Δf=6.19) indicating a higher mass due to CHI absorption onto mucins. Moreover an increased 

dissipation (Δd=0.77) was observed, demonstrating a softer mucin layer. When applying 100 mg/L CHI 

with 0.4 mg/mL NAC (ratio of 1:4 w/w) onto the mucin layer, we observed a decreased frequency 

(Δf=13.79) and an increased dissipation (ΔD=1.89), both values being higher than the ones measured after 

addition of only NAC or CHI. CHI adhesion and entrapment of water led to an increased mass, which was 

larger than observed for CHI alone, suggesting that relatively more water was taken up. 

Moreover, the covalent attachment of NAC to the sulfide-groups of the mucin chains may have 

contributed to the increase in mass, indicating an improved mucoadhesion. This was also observed by 

Lian et al., who designed nano-micelles based on a CHI-vitamin E succinate copolymer conjugated with 

NAC (CS-VES-NAC). The nano-micelles exhibited a two-fold stronger mucoadhesive force compared to 

CS-VES, probably due to the covalent attachment [48]. Most importantly, an increased dissipation was 

also observed in our study, which is a result of a much softer and less viscous mucin layer, proving the 

mucolytic effect of NAC and demonstrating a clear synergistic effect of NAC and CHI. The latter can be 

explained by the fact that the adhesive CHI may entrap NAC and bring it in close contact with the mucins, 

where in contrast, NAC by itself has no ionic interaction mechanisms with the mucins and therefore it can 

easier be flushed away. The obtained results confirm the mucolytic effect of NAC even in the presence of 

CHI.  

3.2. Loading and coating of MCs 

Based on the QCM-D studies, we could conclude that the mixture of CHI and NAC displays both the 

mucoadhesive effect from CHI and the mucolytic effect from NAC. Therefore, CHI/NAC was used for the 

coating and functionalization of the MCs. Additionally, as control, MCs were also coated with CHI alone. 

The fabrication process of the MCs proved to be reproducible, considering that the inner and overall 

height was 232.1±1.7 µm and 267.4±2.1 µm (mean±SD, n=24), respectively, and the inner and outer 

diameter was found to be 236.5±0.6 µm and 322.2±0.7 µm (mean±SD, n=9), respectively (Figure 4A). 
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Figure 4. Scanning electron microscopy (SEM) images of empty MCs (A), loaded with ciprofloxacin hydrochloride (CIP) 
(B), and coated with 0.5 % w/v chitosan (CHI) (C) in combination with N-acetylcysteine (NAC) in ratios of 1:2 w/w (D), 
1:4 w/w (E), or 1:8 w/w (F). The thickness of the coatings were measured using optical profilometry on a coating 
deposited on a flat Si wafer. Coating thicknesses are reported in respectively colored boxes (expressed as mean±SD, 
n=3). 

MCs were loaded with 2.18±0.47 mg CIP per chip (mean±SD, n=32 chips) corresponding to 3.54±0.72 µg 

in each MC (Figure 4B). After loading, the openings of the MCs were successfully coated with a solution 

containing only CHI or a combination of CHI/NAC 1:2 w/w, 1:4 w/w or 1:8 w/w (Figure 4C-F). Optical 

profilometry revealed coating thicknesses of 10.8±0.2 µm, 15.1±1.4 µm, 60.0±4.1 µm and 109.3±9.5 µm 

for CHI, CHI/NAC 1:2, 1:4 and 1:8 w/w, respectively, showing that addition of NAC significantly increased 

the thickness of the coatings. The CHI-coating and CHI/NAC (1:2 w/w)-coating did not cover the entire 

opening of the MC, and structures of the CIP crystals were still visible, whereas CHI/NAC (1:4 w/w) and 

CHI/NAC (1:8 w/w)-coatings completely sealed the cavity. 

3.3. Effect of CHI and CHI/NAC coating on in vitro release of CIP from MCs 

To investigate the effect of CHI and CHI/NAC-functionalization of MCs, in vitro release of CIP from 

uncoated and coated MCs was evaluated using a µDiss Profiler in FAB medium (Figure 5). 

As shown in Figure 5A, the CHI/NAC functionalization led to 88.9±2.2 %, 97.9±2.4 % and 99.1±0.8 % CIP 

release after 1 h with 1:2, 1:4 and 1:8 w/w CHI/NAC in the coating solution, respectively. Uncoated MCs 

displayed an initial burst release of 81.4±6.8 % in 5 min and the remainig cargo was slowly released over 

the course of 40 h. In contrast, CHI-coated MCs exhibited a constant sustained release with only 4.2±7.2 % 

CIP released after 1 h (Figure 5B). When in contact with water at physiological pH, CHI did not dissolve 

but instead formed a hydrogel [57]. This is in accordance with previous studies on CHI-MCs showing a 

sustained release [24], and also with CHI-NPs where CIP exhibited sustained diffusion-controlled release 
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behaviour [58,59]. Addition of NAC accelerated full drug release compared to both uncoated and 

CHI-coated MCs and no large differences were observed between the different NAC concentrations. 

NAC is highly water soluble and incoorporation of NAC in the CHI-coating might have led to water-pores 

in the hydrogel, facilitating a faster release of CIP. The fast release of CIP provided an immediate high local 

antibiotic concentration in the surrounding area of the MC. Thus, levels above the minimal biofilm 

eradication concentration may be achieved leading to an improved biofilm treatment, and therefore, for 

further studies, we evaluated the effect of coatings containing CHI/NAC (1:8 w/w) in comparison with 

CHI alone. 

 

Figure 5. In vitro cumulative release of ciprofloxacin hydrochloride (CIP) from microcontainers (MCs) in FAB medium 
as a function of time. Uncoated MCs compared to MCs coated with 0.5 % w/v chitosan (CHI) alone or in combination 
with N-acetylcysteine (NAC) in ratios of 1:2 w/w, 1:4 w/w, or 1:8 w/w. Left graph (dotted line) shows a zoom-in on 
the initial release within the first 1.5 h. Data were normalized to 100 % in relation to drug release after 40 h and is 
presented as mean+SD (n=3-6). 

3.4. Development and growth of PAO1 biofilm in ASM in the microfluidic platform 

The BCoD provides a steady platform for culturing in perfusion of nutrients. It has previously been shown 

that flow based models represent better conditions [60–64] compared to static setups [65]. In an earlier 

study, we showed that PAO1 can be cultured for up to 72 h (flow rate of 1 µL/min) in 100 times diluted 

ASM in the BCoD [49]. The length of culture time is adjustable. Usually, in  glucose minimal medium, PAO1 

requires 2-4 days to develop a mature biofilm [66].  Moreover, the flow rate was found optimal in the 

BCoD platform [49], as it provides sufficient amounts of nutrients and oxygen to support a multilayered 

biofilm development. 

The main components of ASM are various nutrients and mucin (Table S2), which influence the biofilm 

development and adherence to surfaces. In initial studies using pure ASM, we observed that PAO1 

preferred to grow in the mucin matrix, as in the lungs of cystic fibrosis patients, without adhering to the 

glass in the culture chamber [49]. However, this made biomass quantification with Comstat impossible, 

since the software is meant to quantify biomass when attached to a solid surface as, in this case, to the 

lid of the cell culture chamber. Therefore, the composition of the ASM was optimized (mucin poor and 
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rich ASM) in order to facilitate adherence of bacteria to the glass lid and formation of biofilm on the glass 

in the presence of mucins. In Figure S5A and B, the growth of the bacterial biofilm over time can be 

observed in a mucin poor ASM. When culturing the PAO1 in a mucin rich ASM the bacterial biofilm 

developed faster (Figure 6), in fact the biomass at 48 h (Figure 6A) was comparable to the biomass 

obtained at 72 h when PAO1 was grown in mucin poor ASM (Figure S5). 

We observed that increasing the mucin in the medium did not alter the initial amount of biomass attached 

to the cover glass, since after 1 h from inoculation, the biomass was comparable between the two 

different ASM dilutions. Differences started to be visible after 6 h, where biomass increased 4 times (from 

0.57±0.37 µm3/µm2 to 2.36±0.73 µm3/µm2) between 1 h and 6 h when using the mucin rich ASM, while it 

increased only 2.5 times when using the mucin poor ASM (Figure 6A vs Figure S5A). The confocal images 

(Figure 6B) show that bacteria started to create aggregates already at 6 h. At 24 h, the biomass doubled 

(5.21±1.49 µm3/µm2) and created a uniform multilayered biofilm in the cell chamber, reaching a total 

biomass of 6.35±2.28 µm3/µm2 after 48 h. 

 

Figure 6. PAO1 average biomass growth using a flow of 1 µL/min in 10 times diluted mucin and 100 times diluted 
nutrients ASM. (A). Representative images of bacterial growth observed with confocal microscope at different time 
points at the same location in the cell chamber (B). Data presented as mean+SD is based on 6 biological replicates, 
each with 9 technical replicates resulting in a total of n=54 confocal images. 

It is important to mention that when culturing the biofilm for up to 72 h using less diluted mucin, the 

bacteria started to grow embedded in the mucin matrix (Figure S6). The data presented in Figure 6, 

indicate that the presence of mucin facilitated cluster formation by decreasing bacterial motility as 

proposed earlier [19]. A clear example of mucin effect on PAO1 growth is shown in Figure S7 where PAO1 

was grown in different dilutions of mucin using ASM. Additionally, we also found that the biofilm 

formation was rather uniform in the culture chamber (Figure 6A) and the biomass growth was comparable 

between discs (n=6), with a 15.81 % relative SD in average biomass. 
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3.5. CIP treatment and impact of MCs on PAO1 biofilms 

The efficacy of CIP-loaded functionalized MCs was evaluated on biofilms grown in mucin rich ASM 

(10 times diluted) at 48 h, by quantifying the amount of live or dead biomass after each treatment strategy 

(Figure 3). For comparison, we also studied the effect of the treatment when PAO1 was grown on mucin 

poor ASM (100 times diluted ASM) as shown in Figure S5 C and D. As shown in Figure 7A, at 48 h, before 

treatment, 97.44±2.31 % of the biomass was alive. We observed that the percentage of live biomass was 

higher compared to the mucin poor ASM (Figure S5C). This is probably due to the fact that in the presence 

of more mucin (Figure S8), bacteria stick better to the surface and suffer less from the effect of flow 

velocity. 

Figure 7B shows confocal images of the bacterial biofilm in the in vitro system and the killing effect of the 

different treatments after 5 and 24 h. We found that 61.14±8.40 % of the biomass was still live after 5 h 

from the CIP bolus injection and 60.13±13.28 % after 24 h.  The amount of mucin present in the culture 

medium does not have an effect, in the case of bolus, since the dead biomass was comparable to the 

mucin poor ASM (Figure S5C). Regarding the CHI-coated MCs, an average of 39.12±3.35 % of the biofilm 

was killed after 5 h in the entire cell culture chamber. However, if considering only the area in close 

proximity of the MC, significantly more biomass (72.76±1.52 %) was killed. Having more biomass killed in 

vicinity of the MCs could be due to the fact that MCs coated with CHI have a slow release of CIP (Figure 5B) 

and therefore, only a small quantity of antibiotic was released after 5 h, affecting only bacteria close to 

the MCs. In fact, after 24 h, when almost all CIP was released in the cell chamber, the average of live 

biomass was decreased to 27.32±3.73 %. 

The MCs coated and functionalized with CHI/NAC (1:8 w/w) proved to be more efficient than the other 

treatments evaluated in this study. As it can be seen in Figure 7A, after 5 h, only 19.25±3.50 % of the 

biomass was alive, showing that the fast release of CIP from these MCs (Figure 5B) and the capacity of 

NAC to decrease the viscosity of the EPS facilitating CIP dispersion in the biofilm, has an effect. 

After 24 h, the live biomass further decreased to 11.78±2.89 %. Even if the antibiotic was completely 

released after approximately 1 h, the biofilm did not regrow after 24 h, indicating a great potential of the 

NAC-functionalized MCs. 

When comparing our observed effects with the results on biofilm grown in mucin poor ASM, we found 

that there was an interesting difference for the CHI/NAC-coated MCs at 24 h (Figure S5C). Namely, the 

live biomass was 18 % lower, when PAO1 was grown in mucin rich medium (Figure 7A), which could be 

due to the mucolytic properties of NAC. 
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Figure 7. Comparison between different antibiotic administration strategies, namely bolus injection, chitosan (CHI) 
coated and chitosan/ N-acetylcysteine (CHI/NAC 1:8 w/w) coated MCs. Biomass viability was calculated before 
treatment at 48 h and after 5 and 24 h after treatment. Data presented as mean+SD (n=18). Statistical comparisons 
were performed based on the absolute live biomass. ***, p-value < 0.001; ****, p-value < 0.0001 (A). Representative 
confocal images of the treatments (B). 
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4. CONCLUSION 

We find that a combination of NAC and CHI in the coating of antibiotic-loaded MCs, provides a synergistic 

effect with improved mucoadhesion and mucolytic properties and that the presence of NAC significantly 

accelerates CIP release. Our new in vitro BCoD facilitates bacteria culturing in ideal conditions (low/stable 

flow and possibility of using ASM growth medium). When testing the functionalized MCs in the in vitro 

BCoD platform, containing a PAO1 biofilm, we observed that the effect of CIP delivered in CHI/NAC-coated 

MCs increase PAO1 eradication with 42 % and 48 % at 5 h and 24 h respectively, compared to bolus. This 

improved eradication can be contributed to a mucolytic effect of NAC. Moreover, CHI functionalized MCs 

also enhance eradication, with 33 % higher dead biomass compared to bolus. This effect, we attribute to 

the mucoadhesive properties of CHI. Our studies show that a combinational strategy of using 

CHI/NAC-coated MCs in antibiotic delivery for biofilm eradication is a promising approach hence, 

evaluation of CHI/NAC-coated MCs on clinical isolates would be of great interest as a next step. 
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Media preparation (Table S1 and S2) 

Table S1. The composition of modified FAB medium. A10 buffer, FB minimal medium with trace metals and the carbon 
source were autoclaved separately and mixed afterwards. Concentrations are given as final concentrations. 

A10 buffer FB minimal medium with trace metals Carbon source 

33.7 mM Na2HPO4·2H2O 

22.0 mM KH2PO4 

15.1 mM (NH4)2SO4 

51 mM NaCl 

 

1 mM MgCl2 

0.1 mM CaCl2 

20 µg/L CaSO4·2H2O 

20 µg/L FeSO4·7H2O 

2 µg/L MnSO4·H2O 

2 µg/L CuSO4·5H2O 

2 µg/L ZnSO4·7H2O 

1 µg/L CoSO4·7H2O 

1 µg/L NaMoO4·H2O 

0.5 µg/L H3BO3 

0.3 mM glucose 

 
Table S2. The composition of artificial sputum medium (ASM). Concentrations are given as final concentrations and 
is prior to any dilution with FAB medium. 

ASM medium ASM salt stock solution 

16 mg/mL DNA from fish sperm  

20 mg/mL Mucin from porcine stomach (Type II)  

2.5 mg/mL Amino acid stock solution 

10 mg/mL L-cysteine  

10 mg/mL L-tyrosine  

100 mL/L ASM salts stock solution 

5 mL/L Egg yolk  

59 μg mL-1 Diethylenetriaminepentaacetic acid  

50 mg mL-1 NaCl  

22 mg mL-1 KCl 

 

DNA from fish sperm and mucin from porcine stomach (type II) were dissolved in sterile MilliQ (MQ) water 

in separate bottles overnight at 150 rpm, 30°C. Next day, the dissolved DNA and mucin were mixed 

together with an amino acid stock solution (all essential and non-essential amino acids dissolved in sterile 

water, except L-cysteine and L-tyrosine), L-cysteine (dissolved in 0.5 M potassium hydroxide) and 

L-tyrosine (dissolved in sterile water), ASM salts stock solution (dissolved in sterile water) and egg yolk. 

The final solution was sterilized using filtration technique with a filter of 0.22 µm pore size. 

For the experiments where ASM was used as 100 times diluted, the dilution was made in FAB medium, 

while for those which used 10 times diluted mucin and 100 times diluted nutrients the dilution was carried 

out from the beginning during the ASM preparation.  
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BCoD fabrication (Figure S1) 

 

Figure S1. Exploded view of the in vitro system with the different PMMA and PSA layers and the cover glass (A). 

The platform was designed using Solidworks 2018 (Dassault Systémes, Vélizy-Villacoublay, France). It 

consists of six layers; 3 Poly(methyl methacrylate) (PMMA), 2 pressure sensitive double adhesive tape 

(PSA) and 1 glass. The disc has a 100 mm outer and a 15.35 mm inner diameter. The system was assembled 

from two layers of 0.5 mm thick PMMA, one layer of 5 mm thick PMMA and two layers of 84 µm thick 

PSA (Figure S1). A 0.15 mm cover glass was chosen to close the cell chamber (Figure S1) in order to have 

an optimal imaging for confocal scanning laser microscopy (Leica SP5 CLSM, Leica Microsystems, 

Mannheim, Germany). The PMMA layers were fabricated using laser ablation technique (Epilog Mini 18 

30 W system, Epilog, USA) except for channels and culture chamber which were manufactured with 

micromilling (Mini-Mill/3, Minitech Machinery Corp, GA, US). PMMA layers, were cleaned with sonication 

in ultrapure water and ethanol, then assembled with the PSA layers using a bonding press (PW 10 H, 

P/O/Weber, Germany), with a force of 10 KN for 1 min. The cover glass (Figure S1), was separately glued 

using a silicone glue (Super Clear Silicone, Versachem, Hartford, Connecticut, USA) and dried overnight. 

Filters with a 3 mm diameter membrane and a pore size of 0.20 µm were used to maintain a sterile 

environment in the disc while maintaining an oxygen flow in the platform through the pores. Luer 

connectors were fabricated in cyclic olefin-copolymer (TOPAS grade 5013L-10,  Advanced Polymers 

GmbH, Frankfurt-Höchst, Germany), using injection molding (Victory Tech 80/ 45, Engel, Schwertberg, 

Austria) and fixed in the venting and loading openings, facilitating the introduction of sterile filters. Filters 

and luers are presented in Figure 3 of main text.  
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BCoD calibration curve (Figure S2) 

 

Figure S2. Dependency between flow rate and frequency in the platform using 100 times diluted ASM with 100 times 
diluted mucin (A) and 10 times diluted mucin (B). Standard deviation were calculated based on n=3. 

The calibration curve was calculated as described by Serioli et al. [1]. ASM medium diluted 100 times was 

used for performing the calibration showed in Figure S2A, while mucin was diluted only 10 times in the 

calibration shown in Figure S2B. 

Calculation of MCs and bolus injection for treatment on BCoD (Calculation S1) 

In previous studies [1,2] biofilms were treated with a constant perfusion of CIP for 24 h, using a 

concentration of 4 µg/mL. This is a common concentration used to treat biofilm since it reaches the 

minimal biofilm inhibitory concentration [3]. In order to have a direct comparison with these studies, the 

quantity of CIP delivered via MCs and bolus injection were calculated taking into account the amount of 

CIP delivered with constant perfusion of 4 µg/mL CIP for 24 h. 
 

For MCs comparison: 

Flow rate used: 1 µL/min 

Total amount of medium delivered in 24 h: 1 µ𝐿𝐿
𝑚𝑚𝑚𝑚𝑚𝑚

× 60 𝑚𝑚𝑚𝑚𝑚𝑚 × 24 = 1440 µ𝐿𝐿 = 1.44 𝑚𝑚𝑚𝑚 

Total amount of antibiotic delivered in 24 h in the 1.44 mL: 1.44 𝑚𝑚𝑚𝑚 × 4 µ𝑔𝑔
𝑚𝑚𝑚𝑚

= 5.76 µ𝑔𝑔  

Average amount of antibiotic inside 1 MC: 3.54 µg 

Amount of MCs to inoculate: 2 (with a total amount of 7.08 µg of antibiotic). 
 

For bolus injection: 

Total volume of cell chamber: 31.8 µL 

Average total amount of antibiotic delivered with MCs: 7.08 µg 

CIP concentration of bolus injection to deliver 7.08 µg to the full cell chamber: 7.08 µ𝑔𝑔
31.8 µ𝐿𝐿

= 0.22 µ𝑔𝑔
µ𝐿𝐿

 

A 0.22 µg/µL CIP solution was prepared and 31.8 µL inoculated into the cell chamber. 
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QCM-D results (Figures S3 and S4) 

QCM-D is able to record mass and structural changes, i.e. viscoelastic properties, due to simultaneous 

monitoring of changes in frequency (∆f) and dissipation (∆d) [4,5]. A decrease in frequency of the 

oscillating sensor indicates an increased mass, and a rise in dissipation indicates a softer layer. QCM-D 

results can be found below (Figure S3) together with a detailed description of the dataset.  

 

Figure S3. QCM-D real-time monitoring of changes in frequency (blue line) and dissipation (red line) of an established 
mucin layer on gold-coated sensor, in the presence of 0.4 mg/mL N-acetylcysteine (NAC) (A), 100 mg/L chitosan (CHI) 
(B) or 0.4 mg/mL NAC in 100 mg/mL CHI (C). Results are representative of three independent assays in duplicates.  

Mucin attachment 

As shown in Figure S3, the mucin layers were rapidly deposited on the sensor as the frequency decreased 

(∆f=24-30, mass on the sensor increased) and dissipation increased (∆d=4-7, the rigid sensor is covered 

with a soft mucin layer). This is in accordance with other QCM-D studies reporting on mucin attachment 

to gold-sensors.[5,6] After the chamber was rinsed with a buffer solution to remove any unbound mucin, 

there were only negligible change of frequency and dissipation (∆f≤1.19 and ∆d≤0.32), thus confirming 

the irreversible nature of the covalent mucin-bonding to the sensor. 

 

Addition of NAC 

Addition of 0.4 mg/mL NAC resulted in values of ∆f=0.59 and ∆d=0.2 (Figure S3A), indicating a slightly 

increased mass and thereby, a less viscous layer. To confirm the observed mucolytic effect of NAC, an 

additional study with a higher concentration of NAC (20 mg/mL) was conducted (Figure S4).  
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Figure S4. Quartz crystal microbalance with dissipation (QCM-D) real-time monitoring of changes in frequency (blue 
line) and dissipation (red line) of an established mucin layer on gold-coated sensor, when 20 mg/mL N-acetylcysteine 
(NAC) was applied. Results are representative of an independent assay with 2 replicates. 

Changes in frequency and dissipation (Δf=11.96 and Δd=4.58) clearly confirmed the mucolytic effect of 

NAC on the established mucin layer. As indicated earlier, the mucolytic effect of NAC is caused by a thiol-

disulfide exchange reaction in which the disulfide bonds of the otherwise highly cross-linked mucin 

network are broken, ultimately resulting in lowered viscosity [7]. The increased mass can be explained by 

NAC remaining attached to the mucin chains, although, it is believed that the main contribution is the 

entrapment of water into the mucin network, as is also obvious from the increased dissipation. This result 

is in accordance with the observations made by Cristallini et al., who studied NAC-loaded microparticles 

and found that they lowered the viscosity of a mucus-containing artificial sputum layer, using standard 

rheological measurements determining viscosity versus shear rate in the analysis [8]. 

 

Addition of CHI 

Applying 100 mg/L of CHI to the layer of mucins caused an immediate decrease in frequency (Δf=6.19) 

indicating a higher mass due to CHI being absorbed onto the mucins (Figure S3B). This is due to the 

mucoadhesive properties of CHI interacting with the negatively charged mucins through ionic and 

hydrogen bonding [9]. Simultaneously, dissipation increased (Δd=0.77) indicating a softer layer, 

presumably caused by the hygroscopic effect of CHI promoting water uptake. Adhesion of CHI did not give 

rise to as large a change in frequency as observed with the layer-by-layer build-up of mucins on the sensor 

(Δf=6.19 versus Δf=24-30, respectively). This can be explained by the thin CHI layer already attached, 

shielding the negatively charged mucins from further interaction with more amounts of CHI.  

 

Addition of CHI/NAC 

When adding 0.4 mg/mL NAC in 100 mg/L CHI (CHI/NAC 1:4 w/w) to the mucin layer (Figure S3C), we 

observed a decrease in frequency (Δf=13.79) and an increase in dissipation (ΔD=1.89), both values being 

higher than the ones measured after addition of only NAC or CHI (Figure S3A and S3B). 
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Growth and treatment of PAO1 biofilm in ASM diluted 100 times (Figure S5) 

 

Figure S5. PAO1 average biomass growth at 1 µL/min in 100 times diluted ASM. (A). Representative images of 
bacterial growth observed with confocal microscope at different time points at the same location in the cell chamber 
(B). Data presented as mean+SD is based on 6 biological replicates, each with 9 technical replicates resulting in a total 
of n=54 confocal images. Comparison between different antibiotic administration namely bolus injection, MCs 
CHI-coated and MCs CHI/NAC (1:8 w/w)-coated. Biomass viability was calculated before treatment at 72 h and after 
24 h CIP. Data presented as mean+SD (n=18) (C). Representative confocal images of different treatments (D). 

In Figure S5A the growth of the bacterial biofilm over time can be observed in 100 times diluted ASM. 

After 6 h, the biomass was more than doubled, 1.98±0.54 µm3/µm2, compared to the initial attachment 

state, where the biomass was 0.77±0.37 µm3/µm2. After 24 h, the bacteria continued to increase their 

average biomass (3.17±0.81 µm3/µm2) and spread uniformly in the cell chamber (Figure S5B), creating a 

monolayered biofilm. At 48 h, growth slowed down (4.38±0.96 µm3/µm2), the biofilm became 

multilayered, and bacteria started to form aggregates. After 72 h, the bacterial biofilm average biomass 

was 5.05±1.00 µm3/µm2, a biomass comparable to what has been observed previously in other flow 

systems using a conventional laboratory culture medium [1,10,11]. 
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When PAO1 was cultured in 100 times diluted ASM for 72 h, before CIP treatment (Figure S5C), 

72.18±1.86 % of the bacterial biofilm cells were alive. After 24 h treatment, only 52.29±11.48 % of the 

biofilm was killed using a CIP bolus injection (Figure S5C). Local administration of CIP with functionalized 

MCs resulted in a higher number of dead cells, namely 70.08±5.05 and 72.76±6.75 % dead biomass for 

CHI and CHI/NAC, respectively. It is clear that when CIP was administered in the MCs, biofilm eradication 

was more efficient compared to the bolus injection, which was also observed in our previous study [2]. 

The confocal images show an overview of the cell chamber after treatment, and they confirm that more 

alive biomass was present in the bolus injection images (Figure S5D). The fact that we were not able to 

differentiate between the effects of CIP delivered in the CHI vs CHI/NAC-coated MCs, could be due to the 

fact that the concentrations of mucin in the medium was low, as the ASM was diluted 100 times thus, 

reducing the opportunity for NAC to show an improvement in the treatment. 

 

PAO1 72 h growth in 100 times diluted ASM with 10 times diluted mucin (Figure S6) 

 

Figure S6. Growth of PAO1 in artificial sputum medium (100 times diluted ASM with 10 times diluted mucin) at 72 h. 
Bacteria started to grow embedded in the mucin and detached from the glass surface. On the right a bright field 
confocal picture representing bacteria growing in mucin. 
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Evaluation of PAO1 growth in different ASM dilutions (Figure S7) 

 
Figure S7. Growth of PAO1 after 1 h, 4 h and 24 h in pure artificial sputum medium (ASM) (A), 100 times diluted ASM 
with 10 times diluted mucin (B) and 100 times diluted ASM (C). It is visible that in pure ASM (A) bacteria grew 
embedded in the mucin and created clusters already after 4 h which detached from the glass surface after 24 h 
compromising the quantification and visualization of the biomass. With 10 times diluted mucin (B) bacteria grew 
faster compared to the 100 times diluted ASM (C). 

 

Evaluation of the presence of mucin in different dilutions of ASM and comparison with 

FAB medium (Figure S8) 

 

Figure S8. Evaluation of the presence of mucin in different dilutions of artificial sputum medium (ASM). The dye, 
Alcian blue, was applied to detect the presence of mucin in the medium used to culture biofilm for 72 h in vitro. Mucin 
was visible when ASM was not diluted (A) and it was comparable with the 10 times diluted one (B). When the mucin 
in ASM was 100 times diluted it was not possible to detect it in the cell culture chamber (C), an observation 
comparable with FAB medium with no mucin added (D). 
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ABSTRACT 

Numerous beneficial microbes thrive in the oral cavity where they form biofilms on dental and mucosal 

surfaces to get access to nutrients, and to avoid being carried away with the saliva. However, biofilm 

formation is also a virulence factor as it also protects pathogenic bacteria, providing them with an 

environment for proliferation causing oral infections. Oral hygiene relies on mechanical removal of 

biofilms. Some oral care products also contain antimicrobials, but effective eradication of biofilms with 

antimicrobials requires both a high concentration and long exposure time. In the present communication, 

we investigate the potential of using miniaturized drug delivery devices, known as microcontainers (MCs), 

to deliver the antimicrobial peptide, nisin to an oral multi-species biofilm. MCs are loaded with nisin and 

X-ray micro-computed tomography reveals a full release of nisin through a chitosan lid within 15 min. 

Chitosan-coated MCs display substantial bioadhesion to the buccal mucosa compared to non-coated MCs 

(68.6±14.3 % vs 33.8±5.2 %). Confocal monitoring of multi-species biofilms reveals antibacterial effects of 

nisin-loaded chitosan-coated MCs with a faster onset (after 3 h) compared to solution-based delivery 

(after 9 h). Our study shows the potential of using MCs for treatment of multi-species oral biofilms and is 

encouraging for further design of drug delivery devices to treat oral diseases. 
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1. INTRODUCTION 

Microbes colonizing the oral cavity are responsible for development of some of the most prevalent oral 

infections such as periodontal disease and dental caries [1]. The ability of these colonizers to organize 

themselves in biofilms is their key virulence factor. Biofilms are complex microbial communities encased 

in a self-produced matrix, in which they exhibit altered phenotypes compared to single planktonic cells. 

One of the hallmarks of biofilm is their increased tolerance to antibiotics which makes them extremely 

difficult to treat [1]. Oral bacteria adhere to  surfaces coated with saliva, i.e. the salivary pellicle, covering 

the teeth, tongue, buccal mucosa, soft and hard palate and gingiva, allowing initiation of biofilm formation 

[2]. Modern genomic analyses have identified more than 700 species of bacteria as well as archaea, fungi, 

and viruses that comprise the human oral microbiome [2].  

To achieve control of the biofilm, development of oral care formulations has been geared towards the 

incorporation of antimicrobial agents [3]. Antimicrobial peptides have high biocidal activity against several 

microorganisms. The bacteriocin nisin, is a member of the lantibiotic family of antimicrobial peptides that 

exhibit antibacterial activity against a wide range of Gram-positive bacteria, including staphylococci, bacilli 

and clostridia. It is currently used as a food preservative and has GRAS (generally regarded as safe) status 

[4]. Nisin targets the cell wall precursor lipid II, preventing bacterial cell wall synthesis and forming pores 

in the membrane, leading to efflux of cell components and ultimately cell death [4,5]. Nisin has shown 

great effect towards eradication of oral multi-species biofilms [6]. 

It is, however, not straight forward to deliver antimicrobial peptides to oral biofilms. Current drug delivery 

formulations to the oral mucosa, such as mouthwash, provide a good initial coverage, but prolonged 

effects are limited by their short contact time between drug and tissue due to removal with the flow of 

saliva. Therefore, delivery vehicles capable of retaining the antimicrobial peptide in the oral cavity by 

improved bioadhesion could be of great value for oral care products. We have previously shown that 

antibiotic-loaded microcontainers (MCs) improve the eradication of P. aeruginosa biofilms by delivering 

high local concentrations into the biofilm [7]. Moreover, MCs adhere to the intestinal mucus layer [8], and 

we therefore hypothesize that MCs will adhere to the mucosal surfaces of the oral cavity.  

In the present study, MCs were loaded with nisin and functionalized with a mucoadhesive lid of chitosan. 

Release of nisin was monitored visually in a mucus-saliva blend using scanning electron microscopy (SEM) 

together with 3D X-ray micro-computed tomography (µCT). To elucidate the bioadhesion properties, 

chitosan-coated MCs were compared to uncoated MCs using an ex vivo flow retention model. Lastly, the 

impact on biofilm eradication of the chitosan-coated nisin-loaded MCs was studied using confocal 

microscopy on multi-species biofilms isolated directly from patients.  
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2. MATERIALS AND METHODS 

2.1. Materials 

Silicon (Si) wafers (4'' (100) n-type) were acquired from Okmetic (Vantaa, Finland), while the SU-8 

constituents (SU-8 2075 and SU-8 Developer) were purchased from Micro Resist Technology (Berlin, 

Germany). Nisin 2.5 % (balance sodium chloride), chitosan (low MW 50-190 kDa, 75-85 % deacetylation), 

acetic acid, calcium chloride dihydrate, potassium chloride, sodium bicarbonate, sodium dihydrogen 

phosphate, sodium chloride, sodium hydroxide and porcine gastric mucins (PGM) were all obtained from 

Sigma-Aldrich (St. Louis, MO USA). Solids for making brain heart infusion (BHI) medium were acquired 

from Oxoid Ltd. (Hants, UK). Sucrose was bought from Merck KGaA (Darmstadt, Germany). Stainless steel 

Spectra/Mesh® woven filters with a mesh opening of 213 µm and a thickness of 178 µm were from 

Spectrum®Labs.com (CA, USA). Ultrapure water was obtained from a Q-POD® dispenser (Merck Millipore, 

Burlington, MA, USA). The Department of Experimental Medicine, University of Copenhagen, kindly 

donated the buccal tissue and small intestines from Landrace×Yorkshire×Duroc (LYD) pigs. The pigs were 

15–16 weeks of age and the weight was 50–55 kg. Checks were isolated and frozen at -20 °C until further 

use. 

2.2. Production of MCs loaded with nisin and coated with chitosan 

MCs were fabricated on chips (each containing 625 MCs) and subsequently, loaded with nisin using a 

masking- and compression method as described in [7]. Coating of the drug-loaded MCs was achieved by 

spraying a 1 % w/v chitosan solution (dissolved in 0.5 M acetic acid) over the chip using an Exacta Coat 

Ultrasonic Spray System (Sono-Tek, Milton, NY, USA). Generator power was 1.5 W to allow proper 

aerosolization of the chitosan solution. For detailed process parameters, please refer to [7]. The loading 

and coating quality of the MCs was visualized using a tabletop SEM (TM3030Plus, Hitachi 

High-Technologies Europe GmbH, Krefeld, Germany). The inspection was performed using the 

back-scattered electron detector and an acceleration voltage of 15 kV. The chips were stored at 4 °C until 

usage to ensure drug stability. 

2.3. X-ray µCT visualization of MCs during release in mucus and saliva mixtures 

To mimic the in vivo release-environment, mucus (isolated from intestinal sections) was mixed with sterile 

human saliva (50:50 % w/w). The chip with MCs was positioned upside down in the mucus:saliva blend in 

petri-dishes. Release was monitored for 24 h, taking samples after 0, 15 min, 2 h, 5 h and 24 h, and 

visualized with SEM and in 3D using µCT scanning (ZEISS XRadia 410 Versa, ZEISS, Pleasanton, CA, USA). 

For µCT scanning, X-rays were generated using a voltage of 60 kV and a power of 10 W (current of 

0.17 mA). The 3D visualizations were created from single planar scans using 3201 projections with 1 frame 
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per projection and an exposure time of 5 s. The final scan time was 6 h and 10 min. The distance between 

the X-ray probe and the samples was set to obtain a voxel size, which corresponds to the spatial scan 

resolution, of 3.016 µm. A Feldkamp, Davis and Kress filtered back-projection algorithm was used for the 

subsequent tomographic reconstructions made in the software provided by the µCT scanner system 

(Scout-and-Scan Control System Reconstructor, ZEISS, Pleasanton, CA, USA). The reconstructed data were 

processed and investigated using a 3D visualization and analysis software (Avizo, Thermo Fisher Scientific 

Inc., Waltham, MA, USA). 

2.4. Adhesion of MCs to the buccal mucosa 

The buccal mucosal tissue was thawed at room temperature. Skin and connective tissue were removed 

using a scissor, leaving only the buccal mucosa. Mucosa samples had a length of 4.4±0.5 cm and a width 

of 3.2±0.2 cm (mean±SD, n=10). Gåserød buffer (a solution simulating the electrolyte composition of 

human whole saliva) was prepared with the composition of: 0.21 g/L sodium bicarbonate, 0.43 g/L sodium 

chloride, 0.75 g/L potassium chloride, 0.22 g/L calcium chloride dihydrate, 0.91 g/L sodium dihydrogen 

phosphate and 2.5 % w/v porcine gastric mucins in deionized water adjusted to pH 6.8 [9]. The mucosa 

was kept moist using the Gåserød buffer during the entire procedure. 

To study the bioadhesion of the MCs on porcine buccal mucosa, a custom-made retention measurement 

setup by Vaut et al. was utilized [10]. Humidity was kept at 89.0±2.3 % and temperature at 32.6±0.5 °C 

mimicking the oromucosal environment. The buccal mucosa was attached to the tissue holder, kept at an 

angle of 30°, connected to tubings and a peristaltic pump (Watson Marlow 120S/DV, Falmouth, UK). At the 

end of the tissue holder, a beaker with a woven stainless steel filter with a pore size of 213 µm was placed 

to collect non-adhering MCs (Figure 1). The mucosa was flushed with buffer for 10 min (5 rpm, 

4.1 mL/min). After the washing procedure, approximately 150 uncoated or coated MCs (counted in a 

woven mesh under the microscope), was placed 0.5-1 cm from the top of the buccal mucosa. The MCs 

were allowed to become wetted and adhere to the tissue for 5 min before flow was resumed. After 20 min 

of flow, the tissue was gently detached from the holder, and dried in air overnight. The amount of MCs 

on the buccal mucosa, on the tissue holder as well as on the filter paper were counted the following day 

using a light microscope (Zeiss Axio Scope.A1, Carl Zeiss, Göttingen, Germany) with a C-DIC filter. 

Recoveries within a single replicate was accepted if between 90-110 %. 
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Figure 1. Schematic of the ex vivo flow retention model applied for testing the bioadhesion of the microcontainers 
(MCs). The buccal tissue was attached on a tissue holder, which was connected to tubing providing a flow of the 
buffer. MCs were gently positioned at the top part of the buccal tissue. A beaker with a mesh ensured collection of 
non-adhering MCs. 

2.5. Treatment of multi-species oral biofilms 

2.5.1. Collection, growth and treatment of biofilm 

Saliva was collected from volunteers at the Dental School, Aarhus. Samples were mixed well to obtain an 

average microbiological composition, and afterwards diluted to 50 % in equal volumes of phosphate 

buffered saline and glycerol. Final stocks were frozen and kept at -80oC until further use. Sterile saliva was 

produced by sterile filtering and kept at -20°C. Multi-species biofilms were grown in 8-wells µ-slides (Ibidi 

GmbH, Gräfelfing, Germany) allowing microscopic monitoring of biofilm development. Growth was 

initiated by inoculating 10 % v/v saliva stock with 10 % v/v sterile saliva, 8 % v/v 50 % sucrose and 72 % 

v/v brain heart infusion (BHI) medium. Biofilm formation was allowed for 24 h at 37 °C. The following day, 

the growth medium was replaced and supplemented with 20 µM SYTO 12 and 2 µM TOTO-3 (Invitrogen, 

CA, USA) for enabling visualization of live and dead biomass. To initiate treatment, 15 µL of a 20 mg/mL 

nisin solution (2.5 %) or 35 loaded and coated MCs were added to the individual wells.  

2.5.2. Microscope parameters, image acquisition and analysis 

Biofilms were monitored over the course of 24 h, keeping them incubated at 37°C (H301-K-Frame 

incubator, Oko-lab, Ottaviano, Italy). Visualization was conducted using a Zeiss LSM700 CLS microscope 

(Carl Zeiss, Oberkochen, Germany) equipped with lasers, detectors and filter sets for sequential 

monitoring of the membrane-permeable DNA-binding stain SYTO 12 (excitation: 488 nm, 

emission: 300-630 nm) for live cell imaging and the membrane-impermeable DNA-binding stain TOTO-3 

(excitation: 639 nm, emission: 640-800 nm) for dead cell imaging. Images were obtained in z-intervals of 

1 µm using an HC PL Apo 63x oil objective (numerical aperture 1.4). Stacked images were generated using 
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Fiji and volume of biomass was calculated using the image-analysis software COMSTAT version 2.1. Graphs 

were prepared by calculating the percentage of dead biomass in relation to the total biomass measured 

at the specified time-point, and normalized to zero in order to be able to compare between the different 

treatments. 

2.6. Statistical analysis 

Data are expressed as the mean±standard deviation (SD). For comparison of two individual mean values, 

an unpaired t-test was applied. Graphs and tests were conducted in GraphPad Prism (Version 8.0.1, 

GraphPad Software, CA, USA) and p-values were considered statistically significant when below 5 % 

(p < 0.05).  

3. RESULTS AND DISCUSSION 

SEM- and µCT-imaging confirmed efficient loading of nisin into MCs (Figure 2A and 2C). A chip of MCs was 

loaded with 5.43±0.59 mg nisin powder (mean±SD, n= 18), corresponding to a drug loading of 

8.69±0.95 µg per individual MC. Chitosan-coating of the MCs resulted in a uniform lid covering the cavity 

(Figure 2B-C). High-resolution µCT, together with SEM, enabled visualization of the lid morphology as well 

as release of nisin over time from the MCs when embedded in mucus and human whole saliva. Chitosan 

quickly swelled on top of the MCs, forming a hydrogel-lid, after being wetted for 15 min (Figure 2D). The 

hydrogel-lid stayed morphologically intact until 24 h, where large holes occurred in the lid (Figure 2E-G). 

Interestingly, µCT also revealed an intact lid after 15 min, but it was evident from the imaging that no nisin 

was left inside the MCs (Figure 2H). Therefore, we concluded that nisin released fully from the MCs 

through the chitosan hydrogel within the first 15 min. 

To test the adhesion of chitosan-coated MCs to the buccal mucosa, we used a custom-designed ex vivo 

flow retention model, enabling control of humidity and temperature. The movement of the MCs is an 

estimate of the bioadhesion, meaning that the shorter distance they move, the more adhesive they are. 

Coating of MCs with chitosan increased their adhesiveness to the buccal tissue two-fold from 33.8±5.2 % 

to 68.6±14.3 % (Figure 3A). Previously, it has been shown that MCs might orient themselves in different 

orientations on intestinal tissue [8]. When investigating this phenomenon on buccal tissue, we found no 

significant differences between the orientations of the coated or uncoated MCs (Figure 3B). The majority 

of MCs were partly embedded in mucus, being either positioned on the side or facing up/down. The mucus 

layer in the oral cavity is about 70-100 µm [11], why very few MCs were be deeply embedded in the mucus 

(uncoated MCs: none, coated MCs: 10.0±7.4 %). The recovery (the number of MCs found after the 

experiment compared to the number added to the tissue at the beginning of the experiment) was high 

(98.6±5.0 %, n=8). 

We compared the antimicrobial effect of nisin-loaded MCs with free nisin in solution, by exposing 
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multi-species oral biofilms for 24 h (Figure 4). When treating with MCs, the dead biomass increased 

significantly after 3 h (p=0.0091). In contrast, the dead biomass only started increasing significantly in 

biofilms treated with soluble nisin after 9 h (p=0.017). This demonstrates that the MCs worked faster 

compared to delivery of nisin in solution. Moreover, a tendency showed higher absolute changes in dead 

biomass after treating with MCs (∆=24.05±3.83 %) compared to nisin in solution (∆=14.02±4.56 %) 

(not significant, p=0.054). All nisin cargo was released from the MCs after 15 min, why we did not expect 

any large differences in efficacy between the MC-based treatment and nisin solution. However, the better 

effect can imply that the MCs, as many of them are in direct contact with the biofilm, may deliver initial 

high local drug concentrations in the biofilm, thereby resulting in a faster and better killing. 

This is the first time that MCs have been loaded with an antimicrobial peptide and investigated for 

treatment of oral multi-species biofilms. Previous results focused on antibiotic-loaded MCs towards 

eradication of mono-species P. aeruginosa biofilms [7]. Our results show that nisin was released from the 

MCs within 15 min. In order to obtain a proper oral formulation, further investigations on how to achieve 

sustained release of nisin using alternative polymers in combination with chitosan is needed. The 

chitosan-coated MCs provided a significant bioadhesion proving the great benefit of using devices for 

delivery to the oral cavity compared to liquid-based formulations which are easily removed by the flow of 

saliva. Nisin-loaded MCs worked significantly faster than the nisin in solution. Moreover, we observed a 

slight tendency in increased dead biomass with MCs after 24 h. The results confirm the potential use of 

MC-based delivery of antimicrobial peptides to multi-species biofilms and are encouraging for the future 

design of sustained delivery devices maintaining a healthy microbiome of the oral cavity, ultimately 

improving the life-quality of many patients world-wide.  
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Figure 2. Scanning electron microscopy (SEM) images of A) microcontainers (MCs) loaded with nisin and B) coated 
with 1 % w/v chitosan. C) X-ray micro-computed tomography (µCT) images of MCs before release. D-G) SEM images 
of MCs during release. H) µCT images of MCs after 15 min release. 
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Figure 3. Adhesion of microcontainers (MCs) to porcine buccal mucosa. A) Percentage of uncoated or chitosan coated 
MCs adhering. B) Orientation in percentage of uncoated and chitosan coated MCs after ended experiment. 
The following orientations were stated; sideways, open cavity up/down or deeply covered in the mucus layer. Data is 
presented as mean±SD (n=4). Significant difference: ** p=0.0038. 



 
 

10 
 

 

Figure 4. Confocal microscopy time-lapse on multi-species biofilm after treatment with nisin in microcontainers (MCs) 
coated with chitosan or nisin in solution. Percentage of dead biomass was calculated in relation to the total biomass 
at the specified time-point and normalized at t=0 in order to compare the ∆Dead biomass. Data presented as 
mean±SD. Significant difference: * p=0.017, ** p=0.0091 (A). Confocal images of biofilm after treatment with nisin 
MCs (B), nisin solution (C) or no treatment (D). 2 biological replicates were performed acquiring 2-3 images 
(technical replicates) at random positions in the well. Scale bars: 20 µm. 
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