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A B S T R A C T   

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 concen-
tration 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.   

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 them-
selves 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 formu-
lations 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 pre-
servative 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 ef-
fects 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 con-
centrations into the biofilm [7]. Moreover, MCs adhere to the intestinal 
mucus layer [8], and we therefore hypothesize that MCs will adhere to 
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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 using 
buccal tissue. 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. 

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 ac-
quired from Oxoid Ltd. (Hants, UK). Sucrose was bought from Merck 
KGaA (Darmstadt, Germany). Stainless steel Spectra/Mesh® woven fil-
ters 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 Depart-
ment of Experimental Medicine, University of Copenhagen, kindly 
donated the buccal tissue and small intestines from Landrace × York-
shire × 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 sub-
sequently, 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 aero-
solization 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 accelera-
tion 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 in-
testinal 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 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 algo-
rithm 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 visuali-
zation 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 
(Fig. 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%. 

Fig. 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. 
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2.5. Treatment of multi-species oral biofilms 

2.5.1. Collection, growth and treatment of biofilm 
Stimulated saliva was collected from healthy volunteers, pooled and 

stored at − 80 ◦C until use. 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 − 80 ◦C 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 

Fig. 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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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 indi-
vidual 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. Im-
ages 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 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 sta-
tistically significant when below 5% (p < 0.05). 

3. Results and discussion 

SEM- and µCT-imaging confirmed efficient loading of nisin into MCs 
(Fig. 2A and C). 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 (Fig. 2B and 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 (Fig. 2D). The 
hydrogel-lid stayed morphologically intact until 24 h, where large holes 
occurred in the lid (Fig. 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 (Fig. 2H). Therefore, we concluded that nisin released 
fully from the MCs through the chitosan hydrogel within the first 15 
min. This is due to the high water solubility of nisin which enables nisin 
to diffuse through the water-filled pores of the chitosan lid. 

In this study, we have focused on using the nisin-loaded MCs to 
buccal tissue, hence, 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% (Fig. 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 un-
coated MCs (Fig. 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], and this can 
explain thus, very few MCs were deeply embedded in the mucus (un-
coated 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 multi-species oral biofilms for 24 h 
(Fig. 4). A table with dead biomass values over time can be found in 
supplementary information, S1. 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 (Δ = 24.05 ± 3.83%) compared to nisin in solution (Δ = 14.02 
± 4.56%) (not significant, p = 0.054). All nisin cargo was released from 
the MCs after 15 min, and, therefore, we did not expect any large dif-
ferences 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 

Fig. 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. 
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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. We believe that the presented results 
confirm the potential use of MC-based delivery of antimicrobial peptides 
to multi-species biofilms. Future studies should combine the reported 

fast nisin release with a sustained delivery in order to increase the long- 
term effect of nisin released from MCs, thus, maintaining the healthy 
microbiome of the oral cavity, ultimately improving the life-quality of 
many patients world-wide. 
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Fig. 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 ΔDead 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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