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Abstract 30 
In many infected patients, bacterial biofilms represent a mode of growth that significantly enhances the 31 

tolerance to antimicrobials, leaving the patients with difficult-to-cure infections. Therefore, there is a 32 
growing need for effective treatment strategies to combat biofilm infections. In this work, reservoir-33 

based microdevices, also known as microcontainers (MCs), are co-loaded with two antibiotics: 34 
ciprofloxacin hydrochloride (CIP) and colistin sulfate (COL), targeting both metabolically active and 35 

dormant subpopulations of the biofilm. We assess the synergistic effect of the two drugs in a time-kill 36 
study of planktonic P. aeruginosa and find that co-loaded MCs are superior to monotherapy, resulting 37 

in complete killing of the entire population. Biofilm consortia of P. aeruginosa grown in flow chambers 38 
were not fully eradicated. However, antibiotics in MCs work significantly faster than simple perfusion of 39 

antibiotics (62.5±8.3 % versus 10.6±10.1 % after 5 h) in biofilm consortia, showing the potential of the 40 
MC-based treatment to minimize the use of antimicrobials in future therapies.   41 

 42 
Graphical abstract 43 

  44 
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 Introduction 45 

Antibiotic resistance is one of the greatest challenges facing the global healthcare system (Davies and 46 

Davies, 2010). Microbes are developing resistance at an alarming rate, while the ‘golden era’ of antibiotic 47 
discovery is long over (O’Neill, 2016). This leaves us with a clear demand for novel strategies to combat 48 

multi-drug resistant (MDR) bacterial infections (Parish, 2019). 49 
Besides from MDR, it has become evident that the ability of bacteria to organize themselves into matrix-50 
enclosed aggregates, also known as biofilm, is responsible for most chronic bacterial infections (Hall-51 

Stoodley et al., 2004). In fact, it has been shown that the biofilm-lifestyle renders the bacteria with a 10-52 
1,000-fold higher tolerance towards antibiotics than their planktonic counterparts (Mah and O’Toole, 53 

2001; Stewart, 2002). Gradients of nutrients and oxygen exist from the top to the bottom of the biofilm, 54 
with oxygen levels being high at the surface and low in the center of the biofilm. Similarly, metabolic 55 

activity is stratified with high activity at the surface and low or no growth in the center (Ciofu and Tolker-56 
Nielsen, 2019; Pamp et al., 2008). As the antimicrobial effect of antibiotics often depends on the 57 

metabolic activity of the bacteria, this dormancy-phenomenon is one of the explanations for the reduced 58 
susceptibility of biofilm-associated bacteria towards antibiotics (Høiby et al., 2010). Consequently, 59 

monotherapy with antibiotics, which are only active against growing cells, leads to a reduction of 60 
bacteria without complete eradiation of the biofilm (Anwar and Costerton, 1990). 61 

Combining antibiotics with different cellular targets is widely recognized as a useful strategy to increase 62 
the likelihood of achieving early adequate bacterial eradication of infections, where monotherapy has 63 

failed, and at the same time minimizing the risk of resistance development (Tamma et al., 2012; Traugott 64 
et al., 2011). Ciprofloxacin is a fluoroquinolone antibiotic showing broad activity mainly against Gram-65 
negative bacteria, such as Pseudomonas aeruginosa that are associated with debilitating infections in 66 

the airways (Bjarnsholt, 2011; Schwerdt et al., 2018) and wounds (Pastar et al., 2013). Ciprofloxacin 67 
exhibits bacteriostatic and bactericidal effects by inhibiting the DNA gyrase and topoisomerase IV 68 

enzymes essential for DNA replication (Aldred et al., 2014; Silva et al., 2011), thus targeting mainly the 69 
actively dividing cells found in the outer edges of the biofilm (Høiby et al., 2010). The cyclic cationic 70 

lipopeptide, colistin, belonging to the family of polymyxins, has recently received raising attention 71 
because of its significant effect on MDR Gram-negative bacteria (Li et al., 2006; Nation et al., 2015). 72 

Colistin binds to the lipid A component in lipopolysaccharides disordering the cell membrane structure, 73 
making it more permeable (a detergent-like effect), which ultimately results in cellular death (Bialvaei 74 

and Samadi Kafil, 2015). This means that colistin kills dormant bacterial subpopulations found in the core 75 
of the biofilm (Haagensen et al., 2007; Pamp et al., 2008). The use of colistin was originally hampered 76 

due to its serious nephrotoxicity, but the limited therapeutic options have driven its revival as a last line 77 
of defense against severe P. aeruginosa infections (Li et al., 2006). Colistin has shown attractive 78 

synergistic antimicrobial activity against P. aeruginosa when combined with antibiotics such as 79 
azithromycin (Lin et al., 2015), rifampicin (Giamarellos-Bourboulis et al., 2003), and ciprofloxacin (Buyck 80 
et al., 2015).  81 

 82 
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Recently it was documented that liposomes co-loaded with ciprofloxacin and colistin showed an increase 83 
in of the antimicrobial efficacy against P. aeruginosa compared to monotherapies, while, at the same 84 

time, showing no toxicity towards the pulmonary epithelial cells (Chai et al., 2019; Wang et al., 2018; Yu 85 
et al., 2020). Liposomes are one example of a particulated drug delivery system, which are gaining 86 

considerable attention to improve the therapeutic efficacy of antibiotic treatments (Gao et al., 2018). 87 
By using particulates to deliver antibiotics, a sufficiently high drug concentration can be achieved at the 88 

site of infection, while reducing the administered dose, keeping systemic toxicity at a minimum as well 89 
as limiting the risk of development of resistance (Liu et al., 2019). However, many of these formulations 90 

suffer from poor drug loading capabilities as well as from restrictions concerning which drugs that can 91 
be encapsulated into the particles.  92 

 93 
Recent and promising approaches have focused on reservoir-based polymeric microdevices serving as 94 

drug carriers for oral drug delivery (Nielsen et al., 2018). The microdevices have shown a promising 95 
potential towards prolonging the retention of drugs at the site of absorption as well as providing a higher 96 

local drug concentration (Ainslie et al., 2009; Chirra et al., 2014; Nielsen et al., 2016). Previously, we 97 
have proposed microcontainers (MCs), which are polymeric cylindrical structures, as a means to deliver 98 
high loads of antibiotics to the site of infection (Birk et al., 2020). Compared to other drug delivery 99 

systems, such as liposomes, the MCs possess the unique capability of allowing delivery of any antibiotic 100 
no matter the size, charge or lipo-/hydrophilicity. Therefore, the ratio between co-loaded antibiotics can 101 

easily be adjusted as desired. Moreover, MCs have demonstrated mucoadhesive properties as they can 102 
embed and engulf in mucus (a habitat which biofilms reside in) (Dalskov Mosgaard et al., 2019; Mazzoni 103 

et al., 2017; Nielsen et al., 2016).  Moreover, adhesion was shown to be further promoted by coating 104 
the MCs with a lid of chitosan (Mazzoni et al., 2019). Previously we have shown that local delivery of 105 

ciprofloxacin hydrochloride (CIP) confined in MCs resulted in eradication of P. aeruginosa biofilm equal 106 
to a constant flow of an about three times higher concentration of the solubilized antibiotic. However, 107 

10-20 % of the biomass remained alive despite treatment with CIP (Birk et al., 2020). 108 
 109 

The aim of the present study was to exploit the potential of using MCs for co-delivery of synergistic 110 
antibiotics as a more efficient treatment of P. aeruginosa biofilms compared to monotherapies. CIP and 111 

colistin sulfate (COL) were co-loaded in MCs and coated with a mucoadhesive coating of chitosan. In 112 
vitro release kinetics were characterized together with time-kill investigations of planktonic P. 113 
aeruginosa and compared to antibiotic monotherapy. Lastly, the impacts of co-loaded MCs were 114 

investigated on biofilm consortia of P. aeruginosa and compared to single-loaded MCs and simple 115 
antibiotic perfusion. 116 
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 Materials and Methods 117 

 Materials 118 

Silicon (Si) wafers (4'' (100) n-type) were acquired from Okmetic (Vantaa, Finland), while the SU-8 119 
constituents (SU-8 2075 and SU-8 Developer) were purchased from Micro Resist Technology (Berlin, 120 

Germany). Ciprofloxacin HCl (CIP) was from Fagron (Uitgeest, The Netherlands), while colistin sulfate 121 
(COL), chitosan (low MW 50-190 kDa, 75-85 % deacetylation), acetic acid, Luria Bertani (LB) medium, 122 

potassium phosphate, disodium phosphate, sodium chloride, calcium chloride, ammonium sulfate, 123 
magnesium chloride, trace metals, glucose, propidium iodide and glutaraldehyde (25 % solution) were 124 

all bought from Sigma-Aldrich (St. Louis, MO USA). Osmium tetroxide (4 % in water) was acquired from 125 
ACROS Organics. Ultrapure water was obtained from a Q-POD® dispenser (Merck Millipore, Burlington, 126 

MA, USA).  127 

 Fabrication of MCs 128 

MCs were fabricated on silicon wafers using a mask-based two-step photolithography process, an 129 
approach originally introduced for drug delivery devices by Tao et al. and later modified by Nielsen et al. 130 

(Nielsen et al., 2012; Tao et al., 2007). Starting out with clean Si substrates, a release layer consisting of 131 
5 nm titanium (Ti) and 20 nm gold (Au) was deposited (Temescal FC-2000, Ferrotec Corporation, Santa 132 

Clara, CA, USA) using electron beam evaporation. The release layer ensured adequate adhesion of the 133 
MCs to the chip during loading and coating, while simultaneously enabling the detachment of MCs from 134 

the chip without damaging them (Nielsen et al., 2016). Subsequently, the Ti/Au-Si wafers were covered 135 
with a layer of the negative epoxy photoresist SU-8 and exposed to a number of baking steps allowing 136 
the formation of the bottom and the side walls of the MCs. After fabrication, the wafers were diced 137 

(Automatic Dicing Saw DAD 321, DISCO, Tokyo, Japan) into squared chips (12.8 × 12.8 mm2), with each 138 
chip containing 625 individual MCs. The inner and outer diameters of the individual MCs were 139 

determined with an Eclipse L200 bright-field optical microscope (Nikon, Tokyo, Japan), whereas the 140 
inner and outer heights were evaluated by vertical scanning interferometry using a PLu Neox 3D Optical 141 

Profiler (Sensofar, Terrassa, Spain). 142 

 Loading of CIP and COL into MCs and coating with chitosan 143 

Prior to drug loading, a shadow mask was aligned on top of the chip containing MCs  in order to minimize 144 
the amount of drug powder being distributed into the gaps between the MCs, as previously described 145 

(Abid et al., 2017).  146 
For the co-loading, CIP and COL powders were mixed in a 1:8 w/w ratio. CIP:COL or pure COL powder 147 

was loaded into MCs using a centrifuge method previously described (Jørgensen et al., 2019). In brief, 148 
the powder was distributed on top of the mask and the chip was subsequently centrifuged in a flat-149 

bottomed Falcon tube using a Heraeus Megafuge 16R Centrifuge (Thermo Fisher Scientific, Waltham, 150 
MA, USA) at 3720 g for 120 s at room temperature. Following this, the chip was removed from the Falcon 151 

tube and additional powder was embossed into the cavity of the MCs by applying a pressure of 0.49·10-152 
1 Torr for 15 s with a compact digital pressure controlled electric crimper-MSK-160E (MTI Corporation, 153 
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Richmond, CA, USA). The centrifugation and compression steps were conducted twice to ensure 154 
adequate drug loading. Afterwards, the shadow mask was removed and any excess drug around the MCs 155 

was gently removed using pressurized air. CIP was loaded into the MCs using only compression.  156 
The chips were weighed before and after loading to quantify the amount of loaded drug. Drug loading 157 

capacity was calculated as the amount of loaded drug relative to the weight of a drug-loaded MC. 158 
CIP:COL- and COL-loaded chips were stored in the freezer at -18 °C until usage to ensure drug stability, 159 

whereas CIP-loaded chips were stored at room temperature.  160 
 161 

Functionalization of the drug-loaded MCs was achieved by spray coating a lid of a chitosan solution over 162 
the chip using an Exacta Coat Ultrasonic Spray System (Sonotek, USA) with an accumist nozzle operating 163 

at 120 kHz. The chitosan solution was prepared by dissolving 0.5 % w/v chitosan in 0.1 M acetic acid, 164 
heated overnight at 50°C and subsequently, filtered using a 5-13 μm filter with vacuum suction. Each 165 

chip was coated with two alternating spray paths having an offset of 2 mm, resulting in a total of 90 166 
passages for CIP:COL and COL, and 120 passages for CIP. To facilitate solvent evaporation, the plate 167 

underneath the chip was heated to 50°C. Generator power was kept at 1.3 W, path speed at 25 mm/s 168 
and infusion rate at 0.1 mL/min. The applied shaping air pressure was 0.020 bar for CIP:COL and for COL 169 
MCs, and 0.028 bar for CIP-loaded MCs. The distance between the spray nozzle and the sample was set 170 

to 5.5 cm. 171 
The quality of the loading and the coating of the MCs was evaluated using a tabletop scanning electron 172 

microscope (SEM) (Hitachi High-Technologies Europe GmbH, Krefeld, Germany). The MC chips were 173 
placed on a 30° tilted holder and SEM images were acquired using the scattered electron (SE) detector 174 

and an accelerating voltage of 15 kV. 175 

 Characterization of in vitro drug release from MCs using LC-MS 176 

The in vitro release from co-loaded MCs was investigated using liquid chromatography-mass 177 
spectrometry (LC-MS), and the MCs loaded with either CIP or COL were utilized as controls. A chip 178 

containing 625 MCs was diced into mini-chips containing 100-110 MCs using a diamond cutter. The mini-179 
chip was placed in a Falcon™ tube containing 5 mL FAB medium (buffered minimal medium used for 180 

bacterial growth; for preparation see Supp. Materials, Table S1) at 100 rpm and 37°C. Samples of 200 181 
µL were taken at specified time points over the course of 48 h and replaced with 200 µL blank FAB 182 

medium. Samples with drug concentrations above the upper limit of detection for the LC-MS assay were 183 
diluted with FAB medium as appropriate. All samples were stored at -18 °C prior to the analysis.  184 

Standards (0-50 µM CIP or COL) and samples were analyzed with a Shimadzu Nexera X2/Prominence 185 
HPLC (Shimadzu Europe, Duisburg, Germany) and ESI micrOTOF-Q III (Bruker Daltonics, Bremen, 186 

Germany) LC-MS setup. The LC was performed by a 5 µL injection of the analyte on a Poroshell 120 SB-187 
C8 column, 2.7 µm, 2.1x50 mm (Agilent, Santa Clara, CA, USA) followed by elution with a linear gradient 188 

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 189 
of 0.4 mL/min. The chromatographic front (1.75 min) was diverted to waste, while the remaining run 190 

was injected into the ESI micrOTOF-Q III mass spectrometer. A calibration solution consisting of 2.5 mM 191 
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NaOH, 2.25 mM formic acid in 90 % i-PrOH/water was injected into the ion source between 1.75 and 192 
1.85 min at a flowrate of 30 µL/h for internal calibration of the spectra. MS analysis was performed in 193 

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 194 
was employed, the nebulization pressure was 1.5 bar and the drying gas flow was set to 3 L/min at 180°C. 195 

For CIP, the parameters were 4,500 V, 0.3 bar and 4 L/min at 200°C. All mass spectra were analyzed with 196 
the software QuantAnalysis (Bruker Daltonics, Bremen, Germany) to generate extracted ion 197 

chromatograms for 332.16±0.05 m/z (for CIP) and 1155.7±0.1 m/z (for COL) and the resulting peaks were 198 
integrated. 199 

All experiments were carried out in 3-6 replicates and data were normalized to 100 % in relation to the 200 
measured amount of drug release after 48 h.  201 

 Bacterial strains and overnight culturing 202 

For all bacterial studies, a P. aeruginosa PAO1 strain (Klockgether et al., 2010) genetically modified to 203 

express green fluorescent protein (GFP) constitutively by insertion into a neutral intergenic region in the 204 
genome was used (Holloway and Morgan, 1986; Klausen et al., 2003; Stover et al., 2000). Overnight 205 

cultures of PAO1 were grown in lysogeny broth (LB) at 150 rpm at 37°C for 18-20 h. 206 

 Time-kill studies of planktonic P. aeruginosa using co-loaded MCs 207 

For studying the ability of co-loaded MCs to inhibit bacterial growth, an inoculation of PAO1 overnight 208 
culture was diluted to a final concentration of approximately 1x106 cells/mL. As controls, single loaded 209 

MCs were used in the same set-up. To each vial containing 10 mL culture, treatment was added as either 210 
uncoated MCs, coated MCs or antibiotic solution (for concentrations see Figure 1). PAO1 in LB without 211 

treatment and pure LB were used as negative control. The number of added MCs varied according to 212 
the difference in antibiotic loading per MC (determined per individual chip) and the minimum inhibitory 213 

concentration (MIC) values of the antibiotics (aiming for reaching 4xMIC for each antibiotic). Vials were 214 
stored at 150 rpm and 37 °C during the course of the experiment. Samples were taken at 0, 3, 8 and 24 215 

h, and viable counts were obtained by serial dilution followed by spot plating on LB agar plates. The 216 
plates were left to incubate overnight at 37 °C and colony forming units (CFU) were counted the 217 

following day. 218 
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 219 
Figure 1. Schematic presentation of the production of microcontainers (MCs) and the conducted experiments on P. aeruginosa 220 
PAO1. 1) Dimensions of fabricated MCs (mean±SD, n=6-12), co-loading or single-loading of ciprofloxacin hydrochloride (CIP) 221 
and/or colistin sulfate (COL) followed by coating with chitosan. 2) MCs were tested against PAO1 cultures in shaken LB medium. 222 
Samples were taken over time for counting the colony forming units (CFU/mL). MCs were tested both with and without chitosan 223 
coating and compared to treatment with antibiotic in solution. See table for applied concentrations. Scanning electron 224 
microscopy (SEM) was applied as a visual assessment of bacterial killing after 24 h. 3) MCs were tested against PAO1 in biofilm 225 
mode of growth using flow-chambers and with confocal microscopy monitoring. See table for applied concentrations. 226 
 227 

 SEM observation of P. aeruginosa cells post treatment with MCs 228 

A qualitative study was performed to investigate the ability of the coated CIP:COL, CIP or COL MCs to 229 

inhibit biofilm formation on glass slides over 24 h. Microscopic glass slides were cut into smaller 230 
rectangles of approximately 3x7 mm size using a diamond cutter. The glass slides were sterilized in 231 

ethanol for 20 min, left to air dry and subsequently, mounted onto vials with Pressure Sensitive Adhesive 232 
(PSA) tape. Growth and treatment were conducted as described in Section 2.6. 233 

Sample fixation was completed as previously described by Weber et al. (Weber et al., 2014). In brief, the 234 
samples were covered with 2.5 % glutaraldehyde for 2 h, washed three times in phosphate buffered 235 

saline (PBS) and then transferred to wells containing 0.5 mL 1 % osmium tetroxide for 1 h. Thereafter, 236 
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the samples were dehydrated in solutions with increasing ethanol percentages (35 %, 50 %, 75 %, 2x90 237 
%, and 2x100 %) for 30 min in each solution. After the last dehydration step, the samples were placed 238 

in a critical point dryer (Leica EM CPD300 Critical point dryer, Germany) for 2 h to allow further 239 
dehydration of the sample without causing structural changes to the bacteria. Lastly, the samples were 240 

placed in a desiccator overnight. 241 
Prior to SEM analysis, the biofilm samples on glass slides were coated with a thin conducting layer of 242 

gold (Quorum Q150T ES Coater, Quorum Technologies, Lewes, United Kingdom) to prevent sample 243 
charging with the electron beam. Tooling factor was 2.3. Sputter current was kept at 20 mA and a sputter 244 

time of 65 s were used, whereas the clean current was 60 mA and clean time of 30 s. The stage was 245 
rotating at a speed of 30 rpm. SEM images were acquired using a QFEG 200 Cryo-ESEM (FEI Company, 246 

USA) using the Everhart-Thornley (ETD) detector with high vacuum mode and a voltage of 5 kV. 247 

 Growth of P. aeruginosa biofilms in flow chambers and treatment with antibiotics 248 

2.8.1. Growth of PAO1 biofilms 249 

The PAO1 biofilm growth was conducted at 37°C under laminar flow in self-fabricated flow chambers. 250 
The flow chambers were fabricated by milling in a 6 mm thick sheet of polycarbonate as previously 251 
described (Tolker-Nielsen and Sternberg, 2011). Additionally, they were redesigned with an inlet channel 252 

on the side of the flow chamber to which a small piece of silicon tubing was glued, allowing for 253 
inoculation of MCs (Birk et al., 2020). A sterile system was achieved by pumping 1 L of 0.5 % v/v 254 

hypochlorite through the system over a period of 4 h followed by a cleaning procedure with filling and 255 
emptying the system three times with 2 L of autoclaved MilliQ water. The system was perfused overnight 256 

with modified FAB minimal medium with trace metals (for preparation see Supp. Materials, Table S1) 257 
at 58.4 µL/min with a 16-channel Watson Marlow pump. The flow was stopped, and the tubings were 258 

clamped to avoid backflow and sterilized with 70 % v/v ethanol on the outside. Thereafter, 250 µL of a 259 
diluted overnight culture (with 0.9 % NaCl to OD600 of 0.05) was inoculated carefully into the flow 260 

chamber and resealed with silicone glue. Flow chambers were left without flow for 1 h to allow bacterial 261 
attachment to the glass surface, before medium flow was resumed. Bacterial biofilms were allowed to 262 

develop for 72 h before antibiotic treatment. 263 

2.8.2. Treatment with antibiotics 264 

Treatment with CIP and COL were conducted in two ways: I) as confined in coated MCs (either as co-265 
loaded or as single-loaded as controls), or II) as a constant perfusion. 70 MCs were added to each flow 266 

chamber, and constant perfusion was achieved by adding CIP and/or COL to the medium bottle (see 267 
Figure 1 for concentrations). To allow inoculation of MCs, a solution of 2.5% w/v gelatin (Sigma-Aldrich 268 

Chemie GmbH, Steinheim, Germany) was used to disperse the microcontainer in the syringe instead of 269 
sticking to the walls of the syringe as described previously (Birk et al., 2020). Biofilms were treated for 270 

24 h, after which images were acquired at a distance of 140-320 µm from the open side of the MCs and 271 
in case of perfusion at random locations in the flow chamber. 272 
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2.8.3. Microscopy parameters, image acquisition and analysis 273 

Biofilms were monitored using an inverted Leica TCS SP8 CLSM (Mannheim, Germany) equipped with 274 
an argon/krypton laser and detectors and filter set for sequential monitoring of GFP (excitation 275 

wavelength: 488 nm, emission range: 493-558 nm) for live cell imaging and propidium iodide (excitation 276 
wavelength: 543 nm, emission range: 558-700 nm) for dead cell staining. Images were obtained in z-277 

intervals of 1 µm using an HC PL Apo CS2 63x oil objective (numerical aperture 1.4). PAO1 expressed GFP 278 
consecutively, and propidium iodide had to be injected into the bubble trap. As control, four biological 279 
experiments were performed acquiring two images (technical replicates) of non-treated biofilm in each 280 

experiment at random positions within the flow chamber. For each treatment, 3-5 biological replicates 281 
with 3-5 technical replicates were acquired. Stacked images and 3D images were generated using Imaris 282 

software (Version 7.7.1, Bitplane AG, Zürich, Switzerland). Volume of biomass was calculated using the 283 
image analysis software COMSTAT version 2.1 (Heydorn et al., 2000; Vorregaard, 2008). Graphs 284 

depicting the fraction of live/dead biomass were generated by calculating the percentage of live/dead 285 
in relation to the total biomass measured at the specified time-point. 286 

 Statistical analysis 287 

Data are expressed as the mean±SD, unless otherwise stated. For comparison of two individual mean 288 

values an unpaired t-test was applied, whereas a one-way ANOVA with Tukey’s multiple comparison was 289 
used if more than two mean values were compared. Graphs and tests were conducted in GraphPad 290 

Prism (Version 8.0.1, GraphPad Software, CA, USA) and p-values were considered statistically significant 291 
when below 1 % (p < 0.01).  292 

 Results and Discussion 293 

 Loading of antibiotics into MCs and coating depositing 294 

MCs were produced with good reproducibility in the desired dimensions (see Figure 1 for dimensions). 295 
For the co-loading of CIP:COL, we chose a 1:8 w/w ratio based on the MIC values of the individual 296 

antibiotics towards PAO1 cells (0.125 µg/mL for CIP (Soares et al., 2019); 1 µg/mL of COL (Bergen et al., 297 
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 298 
(n=12-18, mean±SD), corresponding to a drug loading capacity of 14.6-21.0 % w/w. Efficient loading was 299 

confirmed with SEM (Figure 2A and Supp. Materials, Figure S1). After drug loading, the cavity of the 300 
MCs was coated with a layer of chitosan, serving to promote bioadhesion. Moreover, chitosan is known 301 

to contribute to the killing of P. aeruginosa (Perinelli et al., 2018). The coating of CIP:COL- and COL-302 
loaded MCs resulted in a uniform, fully covering lid, whereas the coating of CIP-loaded MCs was less 303 

uniform, a tendency also previously observed (Birk et al., 2020) (Figure 2B and Supp. Materials, Figure 304 
S1). 305 

 306 
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 307 
Figure 2. Scanning electron microscope (SEM) images of microcontainers (MCs) co-loaded with ciprofloxacin hydrochloride and 308 
colistin sulfate (1:8 w/w) (A) and subsequently coated with chitosan (B). (1-column figure) 309 

 In vitro drug release from MCs 310 

The release of CIP and/or COL from chitosan-coated MCs was evaluated at 37 °C in FAB medium at pH 311 

6.8 (Figure 3) (for release from uncoated MCs, see Supp. Materials Figure S2). 312 
The co-loaded chitosan-coated MCs released their entire COL cargo within the first 30 min reaching a 313 

release of 98.7±5.7 %. This was similar to what was observed from the single-loaded COL MCs 314 
(105.2±8.8 %), and co-loading therefore did not influence the release profile of COL. The release of CIP 315 

was significantly accelerated from the co-loaded MCs (79.0±6.4 % within 30 min) as compared to when 316 
CIP was single-loaded (13.8±1.2 % within 30 min). This tendency was also observed in a previous study 317 

with liposomes, where incorporation of COL significantly accelerated the CIP release compared to 318 
liposomes loaded only with CIP (Wang et al., 2018). Sustained release from chitosan particles is a 319 

well-known phenomenon (Mohammed et al., 2017) and has previously been shown for CIP-loaded 320 
chitosan NPs (Patel et al., 2019) and CIP- or lysozyme loaded MCs (Birk et al., 2020; Mazzoni et al., 2019). 321 
The chitosan lid is shown to swell due to the hydrogel properties of chitosan (Ahmadi et al., 2015) 322 

creating pores which allows diffusion of CIP and COL. The diffusion rate depends on the hydrophilicity 323 
of the drugs, and the different release profiles can therefore be attributed to the higher aqueous 324 

solubility of COL (50 mg/ml (Wang et al., 2016)) compared to CIP (varying solubilities reported: 0.17-30 325 
mg/mL (Olivera et al., 2011; Ross and Riley, 1994; Varanda et al., 2006)). Moreover, it is well known that 326 

surfactants influence the degree of hydrogel swelling and can provide micellar solubilization of poorly 327 
water-soluble drugs (Gunathilake et al., 2018; Wallace et al., 2010). As COL is amphiphilic in nature, we 328 

believe that COL served as a surfactant, affecting the swelling of chitosan and the associated drug 329 
release. In the current study, COL constituted approximately 90 % of the co-loaded MC (due to the large 330 

difference in MIC values of CIP and COL). Seemingly, the water soluble and fast-releasing COL drove the 331 
release of the otherwise less soluble CIP.  332 

 333 
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 334 
Figure 3. In vitro release of ciprofloxacin hydrochloride (CIP) and colistin sulfate (COL) from co-loaded or single-loaded 335 
microcontainers (MCs) coated with chitosan. Release study was performed at 37 °C in FAB medium at pH 6.8 and quantified by 336 
LC-MS. Data was normalized to 100 % and presented as mean±SD, n=3-4. (2-column figure) 337 

 Time-kill of planktonic P. aeruginosa using co-loaded MCs 338 

The capabilities of the drug-loaded and coated MCs to inhibit and kill planktonic bacteria were 339 

investigated by adding MCs to a growing population of P. aeruginosa (Figure 4) (for effect of uncoated 340 
MCs, see Supp. Materials Figure S3). Treatment with CIP:COL, CIP or COL significantly reduced bacterial 341 

growth compared to the PAO1 growth control (p≤0.0001).  342 
For co-loaded MCs, growth inhibition was increased compared to the monotherapies. The three types 343 

of treatments for the co-loaded MCs (uncoated, coated and solution) resulted in similar viable counts, 344 
which is in accordance with the rapid release of CIP:COL from the MCs (Figure 3 and Supp. Materials 345 

Figure S2). After 8 h, no growth was observed except for the coated MCs (note: only 1 out of 4 replicates 346 
showed growth). At 24 h, no growth was observed for any of the treatments.  347 

When treating with CIP in MCs or in solution, the maximum killing was reached at 8 h and regrowth was 348 
observed at 24 h, indicating a possible resistant subpopulation. No differences was observed between 349 
CIP in solution or confined in MCs throughout the 24 h period (p≥0.36). Presumably, the starting 350 

bacterial density was sufficiently low to allow a similar inhibition despite the sustained release observed 351 
with the chitosan coating (Figure 3).  352 

Similar reductions in viable counts were observed when treating with COL confined in MCs or in solution, 353 
which correlates with the release data showing that all COL was released within the first 30 min. In 354 

contrast to CIP treatment, treating with COL generally did not give rise to a significant difference (p≥0.02) 355 
between the viable counts after 3, 8, and 24 h, thus indicating that the amount of COL was sufficient to 356 

prevent further regrowth.  357 
 358 
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Altogether, the combination CIP:COL showed greater inhibition effect on PAO1 after 24 h compared to 359 
single-loaded MCs, a synergistic effect of the two antibiotics reaching levels where all subpopulations 360 

were killed with no regrowth. The synergistic mechanism of CIP and COL on planktonic cells is not yet 361 
completely understood, but may be attributed to the ability of COL to enhance the uptake of CIP by 362 

destabilizing the outer membrane of the Gram-negative bacterium (Buyck et al., 2015). Recently, Yu et 363 
al. treated two COL-resistant P. aeruginosa strains with 8 mg/L CIP and 2 mg/L COL delivered in a 364 

liposomal formulations and found an enhanced in vitro antimicrobial activity compared to the 365 
monotherapies (Yu et al., 2020). However, one strain showed regrowth after 24 h despite treating with 366 

the two antibiotics, whereas the other only showed a 2-log reduction. In our study (treating PAO1 with 367 
0.5 mg/L CIP: 4 mg/L COL), we observed a full eradication, and the difference may be attributed to the 368 

selection of the strain or the applied ratio of antibiotics.  369 
 370 

 371 
Figure 4. Inhibition of planktonic growth of P. aeruginosa (PAO1) over time when co-delivering ciprofloxacin hydrochloride (CIP) 372 
and colistin sulfate (COL) in chitosan-coated microcontainers (MCs) or as antibiotic solution. As controls, treatment with CIP or 373 
COL alone (as coated MCs or antibiotic solutions) as well as a positive control for PAO1 growth were included. Data is presented 374 
as mean±SD (n=3-6). (2-column figure)  375 

 SEM observation of P. aeruginosa cells post treatment with MCs 376 

SEM imaging of P. aeruginosa biofilms supported the viable counting results. Non-treated biofilms grew 377 

unevenly across the glass slide with certain areas containing huge and thick clusters (Figure 5A). These 378 
clusters were not found in the MC-treated samples, but instead single bacteria or small clusters were 379 

spread almost uniformly across the glass surface. However, the bacteria exposed to co-loaded and 380 
coated MCs were clearly affected by the treatment, and morphological changes appeared to correlate 381 
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well with the mechanism of action of the individual antibiotics. For the co-loaded CIP:COL MCs, the 382 
predominant effect on bacterial morphology originated from COL as cellular debris and deformed 383 

bacteria were observed (Figure 5B), yet, single bacteria did also appear elongated as evident from the 384 
zoom-in.  385 

When the biofilm was treated with CIP-loaded MCs, the bacteria appeared elongated, which is in 386 
accordance with the mechanism of CIP, inhibiting DNA replication and ultimately cellular division (Figure 387 

5C) (Aldred et al., 2014). Also, the membrane disordering effect of COL (Bialvaei and Samadi Kafil, 2015) 388 
was evident in the samples treated with COL-loaded MCs, as extracellular material could be observed in 389 

between the bacteria (Figure 5D). Moreover, the cell length appeared to be diminished and the bacteria 390 
to be collapsed. This is in accordance with previous results from the investigation of the effect of COL 391 

on the cellular structure of P. aeruginosa using atomic force microscopy (Mortensen et al., 2009). They 392 
observed that after only 3 h of COL treatment, the cells had almost completely lost their morphological 393 

structure. The visual assessment after treatment with CIP:COL MCs revealed that COL had the biggest 394 
impact on the bacteria, a tendency which is probably a consequence of two factors. Firstly, that the co-395 

loaded CIP:COL MCs contained significantly more COL than CIP, and secondly, that COL quickly 396 
destabilizes the membrane thereby, evading the cellular elongation as otherwise observed after the 397 
treatment with only CIP.  398 

 399 
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 400 
Figure 5. Scanning electron microscopy (SEM) images of a P. aeruginosa PAO1 biofilm grown for 24 h and A) left without 401 
antibiotic treatment, B) treated with coated co-loaded ciprofloxacin hydrochloride (CIP) and colistin sulfate (COL) MCs, C) CIP 402 
MCs and D) COL MCs. Scale bars on the inserts are 10 µm. (2-column figure) 403 

 Eradication of pre-formed P. aeruginosa biofilms  404 

The combination of COL targeting the metabolically inactive subpopulations with CIP being active 405 

against the metabolically active subpopulation has been shown to enable eradication of P. aeruginosa 406 
biofilms in vitro (Pamp et al., 2008). As previously reported, MC-based delivery increased the local 407 

antibiotic concentration, thus improving eradication (Birk et al., 2020). In this study, we evaluated the 408 
effect of co-delivering CIP and COL in MCs on biofilm eradication. Before treatment, biofilms were grown 409 

for 72 h resulting in a biomass of 5.39±3.31 µm3/µm2 (n=43).  410 
 411 

CIP:COL co-loaded in MCs worked significantly faster than CIP:COL in solution, as a much larger fraction 412 
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 413 

from the confocal images (Figure 6). We believe this effect is due to the burst release of the antibiotics 414 
from the MCs (Figure 3) creating an immediate high local drug concentration and ultimately more dead 415 
biomass. After 24 h, 69.6±13.8 % and 74.1±20.4 % of dead biomass was found for CIP:COL in MCs and 416 
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for CIP:COL in solution, respectively, showing no significant difference (p-value of 0.4653). Interestingly, 417 
the biomass did not regrow after 24 h, showing, that despite all drug being released within 30 min from 418 

the MCs, a long-lasting effect still applies.  419 
COL in MCs worked significantly faster than COL in solution (56.3±12.3 % versus 3.7±5.1 % dead biomass 420 

after 5 h, p≤0.0001) (Supp. Materials, Figure S4). No regrowth occurred after 24 h, and confocal images 421 
revealed dead biomass only in the core of the biofilm cluster. Notably, COL in MCs gave rise to a larger 422 

dead biomass than COL in solution (56.8±17.4 % versus 29.2±18.0 %, p≤0.0001), which may indicate that 423 
less COL could be used to achieve the same bacterial killing.  424 

Treatment with CIP monotherapy for 5 h and 24 h resulted in a dead biomass of 14.1±10.8 % and 425 
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 426 

difference (p≥0.05, Supp. Materials, Figure S4) despite the local and sustained CIP release observed 427 
from the MCs. As evident from the confocal cross-section (Supp. Materials, Figure S4), CIP killed the 428 

bacteria in the periphery of the biofilm clusters. Previously, we reported that 88.2±5.3 % of the biomass 429 
was killed, when exposing the biofilm to MCs loaded with about one-third of the CIP dose administered 430 

in the present study (~120 µg versus 336 µg) (Birk et al., 2020). This is very interesting, as no further 431 
improvement in the bacterial killing was found despite the increased concentration of CIP. This proves 432 
that CIP-loaded MCs are effective even with less antibiotic used. However, they are not able, despite 433 

increasing the dose, to eradicate the remaining fraction, which might be due to a dormant or resistant 434 
subpopulation not affected by CIP. To address this subpopulation, we aimed at delivering a synergistic 435 

CIP and COL therapy, but, as evident from the present study, no full biofilm eradication occurred neither 436 
with the solutions nor when confined in MCs.  437 

 438 
Only few studies have been published employing drug delivery carriers for co-delivery of CIP and COL, 439 

and these all involve liposomes (Chai et al., 2019; Wang et al., 2018; Yu et al., 2020). This focus on 440 
liposomes is likely due to their biocompatibility combined with a unique property allowing fusion with 441 

bacterial phospholipid bilayers, whereby channels to release their antimicrobial cargo directly into the 442 
intracellular space of the bacterium are created (Forier et al., 2014). However, liposomes often suffer 443 

from a poor drug loading capacity, which is usually much lower than 10 % w/w (Lee, 2020), and as a 444 
result, the quantity of drug is not sufficient to reach therapeutic levels in the body, or the amount of the 445 

carrier material required is too high which may cause undesirable side-effects (Couvreur, 2013).  446 
This is the first time that two synergistic antibiotics have been delivered in microfabricated devices such 447 
as MCs. The drug loading capacity of the applied MCs varied between 14.6-21.0 % w/w, being 448 

considerably higher than loading values reported for liposomes. Our results clearly prove that the 449 
antibiotics confined in MCs works significantly faster than the antibiotic solutions. This shows the 450 

potential of the MCs in delivery of immediate high local concentrations of multiple antibiotics at the site 451 
of infection. Future studies will include a detailed investigation of the influence of varying antibiotic 452 

concentrations as well as treatment with antibiotics with other mechanisms of actions. Pamp et al. 453 
showed that a combined treatment with CIP and COL was able to kill almost all cells in a P. aeruginosa 454 

biofilm as less than 10 cell/mL survived the combinational treatment compared to 3.80x105-2.25x107 455 
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cells/mL on average in separately treated biofilm (Pamp et al., 2008). The concentrations of applied 456 
antibiotics were significantly higher than the concentrations applied in this study (60 µg/mL CIP and 25 457 

µg/mL COL versus 4 µg/mL CIP and 2.5 µg/mL COL) and a full eradication may therefore be achieved by 458 
increasing the drug concentrations. Moreover, to achieve full biofilm eradication other combinational 459 

strategies may be included such as incorporation of agents that degrade the extracellular matrix, 460 
promoting disruption of biofilms. Such a mechanism might promote phenotypical alterations making 461 

the otherwise tolerant dormant cells more susceptible.   462 
 463 

 464 
Figure 6. 72 h old P. aeruginosa (PAO1) biofilm treated with ciprofloxacin hydrochloride and colistin sulfate (CIP:COL) confined 465 
in MCs coated with chitosan or as a solution. Quantitative analysis of the biomass (µm3/µm2) converted to the fraction of 466 
live/dead (%) cells. Data is depicted as mean+SD (n=4-5 biological replicates with 3-5 technical replicates for each type of 467 
treatment). Representative confocal laser scanning microscopy (CLSM) images of the biofilm before treatment, and 5 and 24 h 468 
post treatment with CIP:COL in MCs or as a solution. Green represents live bacteria and red shows dead bacteria. Scale bars: 469 
30 µm. (2-column figure). 470 

 Conclusion 471 

Previous studies utilizing MCs have primarily focused on delivery of single drug entities. In this study, we 472 
exploited the potential of co-delivery of two synergistic antibiotics, namely CIP and COL using MCs. We 473 

demonstrated that the activity of the antibiotics was retained while loaded in MCs. Combining CIP:COL 474 
in MCs showed greater effects on the killing of planktonic P. aeruginosa than the monotherapies, thus 475 
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the two antibiotics synergistically killed all subpopulations as no regrowth occurred. In contrast, full 476 
eradication could not be achieved when treating a 72 h old biofilm with MCs, yet the MCs worked 477 

significantly faster than the solution. These results show that the MCs have a great potential as delivery 478 
system for biofilm treatment by reaching immediate high local drug concentration of multiple drugs at 479 

the site of infection. 480 
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