Roskilde
University

Delivery of E. coli Nissle to the mouse gut by mucoadhesive microcontainers does not
improve its competitive ability against strains linked to ulcerative colitis

Bondegaard, Pi Westi; Torp, Anders Meyer; Guerra, Priscila; Kristensen, Katja Ann;
Christfort, Juliane Fjelrad; Krogfelt, Karen Angeliki; Nielsen, Line Hagner; Zor, Kinga; Boisen,
Anja; Mortensen, Martin Steen; Bahl, Martin lain; Licht, Tine Rask

Published in:
FEMS Microbiology Letters

DOl:
10.1093/femsle/fnad110

Publication date:
2023

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (APA):

Bondegaard, P. W., Torp, A. M., Guerra, P., Kristensen, K. A., Christfort, J. F., Krogfelt, K. A., Nielsen, L. H.,
Zor, K., Boisen, A., Mortensen, M. S., Bahl, M. ., & Licht, T. R. (2023). Delivery of E. coli Nissle to the mouse
gut by mucoadhesive microcontainers does not improve its competitive ability against strains linked to ulcerative
colitis. FEMS Microbiology Letters, 370, Article fnad110. https://doi.org/10.1093/femsle/fnad110

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain.
* You may freely distribute the URL identifying the publication in the public portal.

Take down policy
If you believe that this document breaches copyright please contact rucforsk@kb.dk providing details, and we will remove access to the work
immediately and investigate your claim.

Download date: 07. May. 2024


https://doi.org/10.1093/femsle/fnad110
https://doi.org/10.1093/femsle/fnad110

FEMS Microbiology Letters, 2023, 370, 1-6

DOI: 10.1093/femsle/fnad110
Advance access publication date: 20 October 2023

Research Letter — Environmental Microbiology & Microbial Ecology

FEMS

Delivery of E. coli Nissle to the mouse gut by
mucoadhesive microcontainers does not improve its
competitive ability against strains linked to ulcerative
colitis

OXFORD

Pi Westi Bondegaard?, Anders Meyer Torp?, Priscila Guerral, Katja Ann Kristensen?, Juliane Fjelrad Christfort?, Karen

Angeliki Krogfelt?, Line Hagner Nielsen?, Kinga Zor?, Anja Boisen?, Martin Steen Mortensen', Martin Iain Bahl !, Tine Rask Licht =~ %

"National Food Institute, Technical University of Denmark, Kgs. Lyngby, 2800, Denmark

?Department of Health Technology, Technical University of Denmark, Kgs. Lyngby, 2800, Denmark

3Department of Science and Environment, Molecular and Medical Biology, Roskilde University, Roskilde, 4000, Denmark

*Corresponding author. National Food Institute, Technical University of Denmark, Kemitorvet, Building 202, DK- 2800 Kongens Lyngby, Denmark.
Tel: +45 35887186; E-mail trli@food.dtu.dk

Editor: [Mark Schembri]

Abstract

For patients with ulcerative colitis (UC), administration of the probiotic E. coli Nissle (EcN) holds promise for alleviation of disease
symptoms. The mechanisms are unclear, but it has been hypothesised that a capacity of the probiotic to outcompete potentially
detrimental UC-associated E. coli strains plays an important role. However, this could previously not be confirmed in a mouse model
of competition between EcN and two UC-associated strains, as reported by Petersen et al. 2011. In the present study, we re-evaluated
the idea, hypothesising that delivery of EcN by a micro device dosing system (microcontainers), designed for delivery into the intesti-
nal mucus, could support colonisation and confer a competition advantage compared to classical oral dosing. Six groups of mice were
pre-colonised with one of two UC-associated E. coli strains followed by oral delivery of EcN, either in capsules containing microcon-
tainers with freeze-dried EcN powder, capsules containing freeze-dried EcN powder, or as a fresh sucrose suspension. Co-colonisation
between the probiotic and the disease-associated strains was observed regardless of dosing method, and no competition advantages
linked to microcontainer delivery were identified within this setup. Other approaches are thus needed if the competitive capacity of
EcN in the gut should be improved.

Keywords: ulcerative colitis; probiotics; E. coli Nissle; microcontainer delivery; bacterial competition; micro device dosing system

Introduction

Ulcerative colitis (UC) is a relapsing, chronic disease affecting the
colon with symptoms including bloody diarrhoea and abdominal
pain. The aetiology is not yet well understood, although a complex
interplay between genetics, environmental factors, abnormal im-
mune responses and the gut microbiota is involved (Kobayashi et
al. 2020). The presence of specific E. coli strains from the B2 and
D phylogenetic groups is linked to UC (Kotlowski et al. 2007, Pe-
tersen et al. 2009), and it has been hypothesised that eradication
of these strains may alleviate the disease. Relevant strategies to
achieve this include antibiotic treatment and administration of
probiotic bacteria with the ability to replace the UC-associated E.
coli strains in the diseased intestine.

One of the most promising probiotic strains for treatment of UC
is E. coli Nissle (EcN), which has been found to be equally effective
in preventing relapses as the widely used drug 5-aminosalicylic
acid (5-ASA) (Kruis et al. 2004) and to be an effective and safe add-
on treatment to 5-ASA in patients with active UC for induction
of remission and clinical response (Park et al. 2022). In contrast,
no beneficial effect of EcN as add-on treatment to Ciprofloxacin
was found in UC patients with active disease (Petersen et al. 2014).

In DSS-treated mice administration of EcN is reported to alle-
viate disease symptoms, changes in immune response, and mi-
crobial dysbiosis (Rodriguez-Nogales et al. 2018). The underlying
beneficial mechanisms are suggested to involve the known abili-
ties of EcN to produce microcins, to possess a superior ability to
compete for iron, to make robust biofilms in the mucus layer, to
stimulate defensin production by epithelial cells, to strengthen
tight junctions, and to interact with the immune system directing
the cytokine expression towards a more anti-inflammatory pro-
file (Sassone-Corsi et al. 2016, Scaldaferri et al. 2016, Zhao et al.
2022). These features support probiotic activity and might lead to
the ability of EcN to outcompete and replace UC-associated E. coli
strains.

This aspect was previously studied by Petersen et al. 2011, who
administered EcN to streptomycin-treated mice, pre-colonised
with one of two different B2 E. coli strains isolated from patients
with active UC (Petersen et al. 2011). However, EcN did not out-
compete the two UC-associated E. coli strains in this experimental
setup, but co-colonised with the potentially detrimental strains.
In the present study, we, therefore, re-evaluated the idea with the
hypothesis that targeted delivery of EcN to a permissive intestinal
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Figure 1. Timeline for study. Created with bioRender.com.
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niche could promote colonisation and hereby increase the com-
petition ability against UC-associated E. coli strains. To obtain such
targeted delivery, we used a microscale delivery system, denoted
microcontainers (Nielsen et al. 2016a), into which powdered drugs
(Christfort et al. 2020, Kamguyan et al. 2022, Torp, Kamguyan et
al. 2022) or probiotics (Kamguyan et al. 2021, Christfort, Polhaus
et al. 2022) can be loaded. Microcontainers have been fabricated
in various shapes and sizes from 60 to 450 uM (Abid et al. 2019,
Dalskov Mosgaard et al. 2019, Christfort et al. 2020, Chang et al.
2023, Petersen et al. 2015), but in this study, cylindrical devices
with an inner diameter of 236 + 1 um (mean + SD) and height
of 218 £ 1 um (mean =+ SD) was used. The microcontainers were
sealed with a polymeric lid, which protected from the acidic en-
vironment in the stomach and facilitated targeted release in the
distal small intestine when encountering a pH above 6 in the en-
vironment (Shimizu et al. 2021, Christfort, Milidn-Guimeré et al.
2022). Prior observations suggest that microcontainers will spread
in the intestine and embed into the mucus layer enabling a dis-
persed and sustained release of drugs (Nielsen et al. 2016b, Maz-
zoni et al. 2017). Therefore, we hypothesised that delivery of probi-
otic EcN into the mucus layer by dosage in microcontainers would
provide the strain with a colonisation advantage compared to sim-
ple delivery into the lumen. Supporting this hypothesis, E. coli is
known to reside in the mucus layer and obtain nutrients from here
(Conway and Cohen 2015). Additionally, microcontainer-based de-
livery results in dispersed seeding of flocks of EcN into different
niches, and in combination, these characteristics were hypothe-
sised to increase chances for successful colonisation and competi-
tion with UC-associated E. coli strains. We evaluated this in vivo us-
ing streptomycin-treated mice, each pre-colonised with one of two
UC-associated E. coli strains, and subsequently administered with
EcN by three different dosing methods, namely (i) freeze dried
EcN powder in microcontainers loaded into gelatine capsules, (ii)
freeze dried EcN powder loaded directly into gelatine capsules,
(iii) a fresh sucrose suspension of EcN made from an overnight
culture (Fig. S1). Colonisation of EcN and the UC-associated E. coli
strains were then followed to compare effects of the different dos-
ing methods of EcN.

Materials and methods
Bacterial strains and media

The bacterial strains used in this study were identical to those
used previously by Petersen et al. 2011 (Petersen et al. 2011). Two
E. coli strains isolated from UC patients with active disease, desig-
nated EcUC1 and EcUC2, were used. The EcUC1 strain is a sponta-
neous streptomycin resistant mutant of the isolated E. coli with an
inserted kanamycin resistant gene cassette (GMO), and EcUC2 is a
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Figure 4. Log(CFU/g) on dissection Days 14 and 15 for ileum, caecum and colon. Dosing in Group 1 and 2 by microcontainers (blue), in Group 3 and 4 by
powder (green) and in Group 5 and 6 by a suspension (red). Sample values are shown as individual measures with mean and SD (N = 8). * =P < 0.05, **

=P <0.01.

strain naturally resistant to ampicillin, sulphamethoxazole, strep-
tomyecin, trimethoprim and cephalothin. The EcN strain used is a
spontaneous streptomycin and rifampicin resistant mutant (Pe-
tersen et al. 2011).

In the original references, ECUC1 was named IBD1 or p7, and
EcUC2 was named IBD2 or p25 (Petersen et al. 2009, 2011). All
strains were routinely cultivated in Luria-Bertani (LB) media (SSI
Diagnostica, Hillergd, Denmark) overnight at 37°C.

Freeze-drying EcN

An overnight culture (ODggy = 0.76) of EcN was freeze-dried as
follows: Bacterial pellets obtained from centrifugation (4000 rpm,
10 min.) of 120 mL culture were resuspended in 5 mL lyoprotec-
tive media containing 5% skim milk powder/5% mannitol/10%
sucrose in miliQ water, w/v (Sigma-Aldrich, St. Louis, USA) and
snap frozen in dry ice for 20 min. in a sterile freeze-drying flask
(Holm&Halby, Brgnby, Denmark). Freeze-drying was conducted
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overnight on a Telstar LYOQUEST -55 PLUS manifold tabletop
freeze-drier (Holm&Halby, Brgndby, Denmark) with a condenser
temperature of —55°C and a pressure of 0.3 mbar. The result-
ing freeze-dried product was ground to a fine powder in a sterile
grinder. In total, 0.7 g of EcN powder was obtained with approxi-
mately 9.5-10° CFU/g powder.

Microcontainer fabrication, loading and coating

The microcontainers used in this study are microfabricated cylin-
drical devices designed for unidirectional release and have an in-
ner diameter of 236 + 1 um (mean + SD) and inner height of 218
+ 1 um (mean + SD). They were fabricated from SUS8, a nega-
tive epoxy photoresist (SU-82035, 2075 and SU-8 developer, mi-
cro resist technology GmbH, Berlin, Germany) through a two-step
photolithographic process on silicon wafers coated with a layer of
5nm Ti and 20 nm Au to enable easy release of the microcontain-
ers. Afterwards, the silicon wafers were cut into chips containing
625 microcontainers each. The fabrication procedure was previ-
ously described ((Kamguyan et al. 2021).

Microcontainers were manually loaded with freeze-dried EcN
powder by applying a shadow mask that covers the spaces be-
tween the single microcontainers on a chip and using a brush
to push the powder inside the microcontainers. After removal of
the mask, the microcontainers were spray coated with 1% w/v
Eudragit® L100, soluble above pH 6 (Evonik, Essen, Germany) in
an isopropanol solution and 5% w/w (in relation to the polymer)
dibutyl sebacate using an ultrasonic spray coater (Exactacoat sys-
tem, Sono-Tek, Milton, NY, USA). The Accumist nozzle was operat-
ing at 120 kHz and each chip was coated with 30 loops, while lay-
ing on a plate heated to 40°C to ensure proper evaporation of the
solvent. Both loading and coating was evaluated in a TM3030Plus
tabletop scanning electron microscope (SEM, Hitachi High Tech-
nologies Europe GmbH, Krefeld, Germany).

Dosing strategies for ECN

EcN was prepared in three different dosing systems: (i) Micro-
containers in capsules. Microcontainers were loaded with freeze-
dried EcN powder and coated with Eudragit® L100 (Evonik, Essen,
Germany) using a spray-coater (Exactacoat system, Sono-Tek, Mil-
ton, NY, USA) as described earlier. Microcontainers were filled into
gelatine capsules size M (Torpac, NJ, USA), which disintegrate in
the stomach, resulting in a dose of EcN of app. 3-10° CFU/mouse.
(ii) Powder in capsules. Freeze-dried EcN powder were filled di-
rectly into gelatine capsules size M (Torpac, NJ, USA), which dis-
integrate in the stomach, resulting in a dose of EcN of app. 5-10°
CFU/mouse. (iii) Sucrose suspension. An inoculum of EcN was pre-
pared from overnight cultures, with bacterial pellets resuspended
in 20% sucrose (w/v) (Sigma-Aldrich, St. Louis, USA), resulting in a
dose of EcN of app. 4-108 CFU/mouse. The doses were estimated,
taking losses during freeze-drying, storage and handling proce-
dures into account.

Animals and experimental setup

Animal experiments were carried out under approval by the Ani-
mal Welfare Committee, license number 2015 — 15 — 0201 — 00553
by trained and skilled personal at the animal facility at the Na-
tional Food Institute, Technical University of Denmark. About 48
female NMRI mice, 6-8 weeks old (Taconic, Ejby, Denmark) were
housed two mice in each cage in controlled, ventilated cabinets
(ScanTainer, Scanbur, Karlslunde, Denmark) with ad libitum access
to feed and drinking water containing 5 g/L streptomycin sulphate
from 3 days prior to experimental start and throughout the entire

study period (18 days). The mice were randomised into 6 groups
with 8 mice in each. Each mouse was first pre-colonised with one
of two UC-associated E. coli strains, denoted EcUC1 and EcUC2, and
afterwards EcN was administered by one of three dosing methods.
Group 1: EcUC1 and microcontainers with EcN loaded to capsules,
Group 2: EcUC2 and microcontainers with EcN loaded to capsules,
Group 3: EcUC1 and EcN powder in capsules, Group 4: EcUC2 and
EcN powder in capsules, Group 5: EcUC1 and a sucrose suspension
of EcN, and Group 6: EcUC2 and a sucrose suspension of EcN (see
Supplementary Fig. 1).

On Day 0, all animals were dosed once by gavage with an inocu-
lum of either EcUC1 or EcUC2 (app. 3-10° CFU/mouse), prepared
from overnight cultures, with bacterial pellets resuspended in 20%
sucrose (w/v) (Sigma-Aldrich, St. Louis, USA). On Day 6, a single
dose of EcN was administered by gavage to all animals, using the
three described dosing systems. The animals were euthanized on
Days 14 and 15, half of each group each day (Fig. 1).

CFU counting in faeces and intestinal content

In line with previous observations (Petersen et al. 2011), we ob-
served that LB agar plates containing 100 mg/L streptomycin (STR)
+ 25 mg/L kanamycin (KAN) were selective for EcUC1, and that
plates with 100 mg/L streptomycin (STR) + 100 mg/L rifampicin
(RIF) were selective for EcN. In order to select for EcUC2, we in-
creased the ampicillin content from 50 mg/L suggested by Pe-
tersen et al. to 100 mg/L, ending up using plates with 100 mg/L
streptomycin (STR) + 100 mg/L ampicillin (AMP).

Additionally, it was tested whether faeces from NMRI mice in-
herently contains bacteria, which can grow on the selective an-
tibiotic agar plates used in the study. No growth was observed.

During the study, faecal samples were collected from all mice
on Days 0, 1, 4, 6, 7, 8, 11, and 13 (Fig. 1). All faecal pellets were
weighed, diluted 10x in sterile 0.9% NaCl and homogenised. Ten-
fold serial dilutions of all samples were spot-plated (10 uL) on rel-
evant selective LB agar plates (SSI Diagnostica, Hillergd, Denmark)
as follows: Faecal samples from animals receiving EcUC1 were
plated on plates selective for the EcUC1 strain (LB + STR + KAN)
and EcN (LB + STR + RIF), whereas samples from animals dosed
with EcUC2 were plated on plates selective for the EcUC2 strain
(LB + STR 4+ AMP) and EcN (LB + STR + RIF). All plates were incu-
bated aerobically over night at 37 °C and the colony forming units
(CFU) were counted.

On the dissection days (Days 14 and 15), contents from the
ileum, caecum and colon were collected. The samples were han-
dled following the same procedure as used for the faecal pellets.

Data analysis and statistics

From CFU counts, CFU/g faeces and CFU/g intestinal content were
calculated and logio-transformed. Statistical analysis and visu-
alisation of data was performed in R (R Core Team 2023), using
RStudio and the packages tidyverse (Wickham et al. 2019), ggpubr
(Kassambara 2023a), and rstatix (Kassambara 2023b). Differences
in EcN CFU/g on Day 7 and Day 8 were analysed by a one-way
ANOVA test with FDR adjustment, followed by pairwise compar-
ison between delivery groups of significant interactions using a
Tukey test with FDR adjustment. Prior to the analysis, parametric
assumptions were tested and found to be met.

Comparison of EcUC1/EcUC2 and EcN CFU/g in the intestinal
compartments, ileum, caecum and colon by delivery was per-
formed by a non-parametric Kruskal-Wallis test with FDR adjust-
ment followed by a pairwise Wilcoxon test with FDR adjustment
for the significant interactions identified. Prior to the analysis,
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parametric assumptions were tested, but several extreme outliers
were identified and the assumption of homogeneity of variance
was violated. Differences in ratios between EcN and EcUC were
analysed by a Kruskal Wallis test with FDR adjustment, followed
by a pairwise Wilcoxon test with FDR adjustment. The parametric
assumption of normality of data was found to be violated.

Statistical significance was set to P < 0.05, where * = P < 0.05,
=P <0.01,”™ =P <0.001, ** =P < 0.0001.

Results and discussion

To evaluate whether microcontainer-based delivery of the probi-
otic EcNresults in an increased colonisation and competition abil-
ity compared to simple oral delivery strategies, colonisation lev-
els of the two UC-associated E. coli strains, EcUC1 and EcUC2, and
EcN were followed for two weeks. For each animal CFU/g faeces of
EcUC1/EcUC2 and EcN was calculated for Days 0, 1, 4, 6, 7, 8, 11,
and 13 (Fig. 2).

Successful pre-colonisation by EcUC1 or EcUC2 occurred in all
groups (Fig. 2). After administration of EcN on Day 6, the incom-
ing probiotic strain co-colonised with the UC-associated strains
and reached a stable level several log-values below these strains.
Co-colonisation was observed regardless of the dosing method for
EcN. To reveal differences between the dosing methods occurring
immediately after probiotic administration, we specifically inves-
tigated EcN levels during the first two days after delivery, Days 7
and 8 (Fig. 3).

In mice pre-colonised by EcUCI, significantly higher levels
of faecal EcN were found when delivered in a sucrose suspen-
sion compared to powder on both Day 7 (P = 0.030) and Day
8 (P = 0.0072) and compared to microcontainers on both Day 7
(P = 0.00059) and Day 8 (P = 0.022) (Fig. 3). These inter-group dif-
ferences may reflect differences in colonisation ability between
dosing methods, but it should be noted that initial dosing lev-
els were not identical, and this may explain some or even all
the differences observed. Group 1 and 2 (microcontainers) were
dosed app. 3-10° CFU/mouse, Group 3 and 4 (powder) got app.
5.10° CFU/mouse, while Group 5 and 6 (suspension) got app. 4-10%
CFU/mouse. The lower doses for Group 1 and 2 resulted from un-
expected viability losses of EcN during microcontainer coating
and storage. According to OD measurements of the overnight cul-
ture administered to Group 5 and 6, the dose level was equal to
that given to Group 3 and 4. However, subsequent CFU counting
revealed he differences listed above.

On dissection (Days 14 and 15), concentrations of ECUC1/EcUC2
and EcN in ileum, caecum and colon were assessed (Fig. 4). In line
with the findings in faeces (Fig. 2), ECUC1/EcUC2 were more abun-
dant than EcN in all three intestinal compartments. The same
compartments were colonised by all strains, potentially allowing
competition between them. Highest levels of all strains occurred
in the caecum and colon, whereas lower concentrations were
found in ileum. In caecum for animals pre-colonised by EcUC2,
the level of this disease-associated strain was significantly lower
in Group 6 (suspension) compared to the same strain in Group 2
(microcontainers) (P = 0.003) and Group 4 (powder) (P = 0.015).

The EcUC strains and EcN are all members of the B2 phylo-
genetic group (Petersen et al. 2011), and hence share character-
istics, but possess different virulence factors. The observed co-
colonisation suggests that the EcUC strains and EcN occupy dif-
ferent nutritional and/or spatial niches, since directly competing
isogenic E. coli strains do not co-colonise in streptomycin-treated
mice (Leatham et al. 2009).

Bondegaardetal. | 5

To account for differences between animals, ratios between
EcN and the UC-associated E. coli strains within each individual
mouse were calculated (see Supplementary Fig. 2). No consistent
pattern was observed, but the ratio was significantly different be-
tween groups at several time points. Ratios tended to be highest
in groups, which received EcN as freeze-dried powder or in a fresh
suspension. Thus, microcontainer-based delivery of EcN did not
confer any advantage to the probiotic strain, which means that
the initial hypothesis could not be confirmed. A number of factors
may explain the lacking effect of microcontainer-based delivery
in the given mouse model. First, the mucus layer of the mouse
is app. 150 um (Johansson et al. 2011), and thus relatively thin
compared to the size of the microcontainers, which measure 254
+ 2 um (mean + SD) in total height, and therefore targeted de-
livery into the mucus may not be optimal. Second, E. coli strains
are known to be resistant to the acidic gastric environment (Foster
2004, Pienaar et al. 2019, Xu et al. 2020), and the protection offered
by the microcontainers, is then not conferring any extra advan-
tage for EcN to survive through the stomach, as confirmed by our
results for capsule and suspension-based dosing strategies (Fig. 2).
We suggest that microcontainer-based delivery may be feasible
for fragile next-generation probiotics such as F prausnitzii (Torp,
Bahl et al. 2022). However, preparation methods including load-
ing and coating of microcontainers are not suitable for handling
oxygen-sensitive strains, and alternative approaches remain to be
developed.

Acknowledgements

We thank Lasse Hgjlund Eklund Thamdrup (Department of
Health Technology, Technical University of Denmark) for provid-
ing microcontainers used in this study and Bodil Madsen (Na-
tional Food Institute, Technical University of Denmark) for kind
laboratory assistance.

Supplementary data
Supplementary data is available at FEMSLE Journal online.

Conflicts of interest: The authors have no conflict of interest to declare.

Funding

This work was funded by the Novo Nordic Foundation through the
Interdisciplinary Synergy Grant ‘MIMIO—Microstructures, micro-
biota and oral delivery’ (NNF170C0026910), given to Anja Boisen
and Tine Rask Licht.

References

Abid Z, Strindberg S, Javed MM et al. Biodegradable microcontainers-
towards real life applications of microfabricated systems for oral
drug delivery. Lab Chip 2019;19:2905-14. https://doi.org/10.1039/
c91c00527g.

Chang TJ, Kjeldsen RB, Christfort JF et al. 3D-printed radiopaque mi-
crodevices with enhanced mucoadhesive geometry for oral drug
delivery. Adv Healthcare Mater 2023;12:1-12. https://doi.org/10.100
2/adhm.202201897.

Christfort JF, Guillot AJ, Melero A et al. Cubic microcontainers im-
prove in situ colonic mucoadhesion and absorption of amoxicillin
in rats. Pharmaceutics 2020;12:1-16. https://doi.org/10.3390/phar
maceutics12040355.

20z Arenigad z| uo Jasn xajoliqig o61jeBuo 190 Aq 6009ZEL/0L L PEUI/BISWSY/EE0L 0 L/10p/[oIE/a]SWa) W00 dno-olwapede//:sdny wolj papeojumoq


https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnad110#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnad110#supplementary-data
https://doi.org/10.1039/c9lc00527g
https://doi.org/10.1002/adhm.202201897
https://doi.org/10.3390/pharmaceutics12040355

6 | FEMS Microbiology Letters, 2023, Vol. 370

Christfort JF, Milidn-Guimera C, Kamguyan K et al. Sequential drug
release achieved with dual-compartment microcontainers: to-
ward combination therapy. Adv Therap 2022;5:1-11. https://doi.or
9/10.1002/adtp.202200106.

Christfort JF, Polhaus CJM, Bondegaard PW et al. Open source anaero-
bic and temperature-controlled in vitro model enabling real-time
release studies with live bacteria. HardwareX 2022:11:€00275. ht
tps://doi.org/10.1016/j.0hx.2022.e00275.

Conway T, Cohen PS. Commensal and Pathogenic Escherichia coli
Metabolism in the Gut. Microbiol Spectr 2015 2015;3. https://doi.or
g/10.1128/microbiolspec. MBP-0006-2014.

Dalskov Mosgaard M, Strindberg S, Abid Z et al. Ex vivo intestinal per-
fusion model for investigating mucoadhesion of microcontainers.
Int J Pharm 2019;570:118658. https://doi.org/10.1016/j.ijjpharm.20
19.118658.

Foster JW. Escherichia coli acid resistance: tales of an amateur aci-
dophile. Nat Rev Microbiol 2004;2:898-907. https://doi.org/10.1038/
nrmicro1021.

Johansson MEV, Holmén Larsson JM, Hansson GC. The two mucus
layers of colon are organized by the MUC2 mucin, whereas the
outer layer is a legislator of host-microbial interactions. Proc Nat
Acad Sci USA 2011;108:4659-65. https://doi.org/10.1073/pnas.100
6451107.

Kamguyan K, Kjeldsen RB, Moghaddam SZ et al. Bioadhesive tannic-
acid-functionalized zein coating achieves engineered colonic de-
livery of ibd therapeutics via reservoir microdevices. Pharmaceu-
tics 2022;14. https://doi.org/10.3390/pharmaceutics14112536.

Kamguyan K, Torp AM, Christfort JF et al. Colon-specific delivery
of bioactive agents using genipin-cross-linked chitosan coated
microcontainers. ACS Applied Bio Materials 2021;4:752-62. https:
//doi.org/10.1021/acsabm.0c01333.

Kassambara A. ggpubr: “ggplot2” Based Publication Ready Plots (R pack-
age version 0.6.0), 2023a.

Kassambara A. rstatix: Pipe-Friendly Framework for Basic Statistical Tests
(R package version 0.7.2), 2023b.

Kobayashi T, Siegmund B, Le Berre C et al. Ulcerative colitis. Nat Rev
Dis Primers 2020;6. https://doi.org/10.1038/s41572-020-0205-x.
Kotlowski R, Bernstein CN, Sepehri S et al. High prevalence of Es-
cherichia coli belonging to the B2+D phylogenetic group in in-
flammatory bowel disease. Gut 2007;56:669-75. https://doi.org/10

.1136/gut.2006.099796.

Kruis W, Fri¢ P, Pokrotnieks ] et al. Maintaining remission of ul-
cerative colitis with the probiotic Escherichia coli Nissle 1917 is
as effective as with standard mesalazine. Gut 2004;53:1617-23.
https://doi.org/10.1136/gut.2003.037747.

Leatham MP, Banerjee S, Autieri SM et al. Precolonized human
commensal Escherichia coli strains serve as a barrier to E. coli
0157:H7 growth in the streptomycin-treated mouse intestine. In-
fect Immun 2009;77:2876-86. https://doi.org/10.1128/IA1.00059-09.

Mazzoni C, Tentor F, Strindberg SA et al. From concept to in vivo
testing: microcontainers for oral drug delivery. J Controlled Release
2017;268:343-51. https://doi.org/10.1016/j.jconrel.2017.10.013.

Nielsen LH, Melero A, Keller SS et al. Polymeric microcontainers im-
prove oral bioavailability of furosemide. IntJ Pharm 2016a;504:98—-
109. https://doi.org/10.1016/j.ijpharm.2016.03.050.

Nielsen LH, Melero A, Keller SS et al. Polymeric microcontainers im-
prove oral bioavailability of furosemide. IntJ Pharm 2016b;504:98-
109. https://doi.org/10.1016/j.ijpharm.2016.03.050.

Park SK, Kang SB, Kim S et al. Additive effect of probiotics (Mutaflor)
on 5-aminosalicylic acid therapy in patients with ulcerative col-
itis. Korean ] Intern Med 2022;37:949-57. https://doi.org/10.3904/kj
im.2021.458.

Petersen AM, Mirsepasi H, Halkjeer SI et al. Ciprofloxacin and pro-
biotic Escherichia coli Nissle add-on treatment in active ulcera-
tive colitis: a double-blind randomized placebo controlled clinical
trial. J Crohn’s Colitis 2014;8:1498-505. https://doi.org/10.1016/j.cr
0hns.2014.06.001.

Petersen AM, Nielsen EM, Litrup E et al. A phylogenetic group of
Escherichia coli associated with active left-sided Inflammatory
Bowel Disease. BMC Microbiol 2009;9. https://doi.org/10.1186/1471
-2180-9-171.

Petersen AM, Schjgrring S, Gerstrgm SC et al. Treatment of Inflam-
matory Bowel Disease Associated E. coli with Ciprofloxacin and
E. coli Nissle in the Streptomycin-Treated Mouse Intestine. PLoS
One 2011;6. https://doi.org/10.1371/journal.pone.0022823.

Petersen RS, Mahshid R, Andersen NK et al. Hot embossing and
mechanical punching of biodegradable microcontainers for oral
drug delivery. Microelectron Eng 2015;133:104-9. https://doi.org/10
.1016/j.mee.2014.11.009.

Pienaar JA, Singh A, Barnard TG. Acid-happy: survival and recov-
ery of enteropathogenic Escherichia coli (EPEC) in simulated gas-
tric fluid. Microb Pathog 2019;128:396-404. https://doi.org/10.101
6/j.micpath.2019.01.022.

R Core Team. R, 2023.

Rodriguez-Nogales A, Algieri F, Garrido-Mesa J et al. The administra-
tion of Escherichia coli Nissle 1917 ameliorates development of
DSS-induced colitis in mice. Front Pharmacol 2018;9:1-12. https:
//doi.org/10.3389/fphar.2018.00468.

Sassone-Corsi M, Nuccio SP, Liu H et al. Microcins mediate com-
petition among Enterobacteriaceae in the inflamed gut. Nature
2016;540:280-3. https://doi.org/10.1038/nature20557.

Scaldaferri F, Gerardi V, Mangiola F et al. Role and mechanisms of ac-
tion of escherichia coli nissle 1917 in the maintenance of remis-
sion in ulcerative colitis patients: an update. World ] Gastroenterol
2016;22:5505-11. https://doi.org/10.3748/wjg.v22.i24.5505.

Shimizu K, Seiki I, Goto Y et al. Measurement of the intestinal pH
in mice under various conditions reveals alkalization induced by
antibiotics. Antibiotics 2021;10:1-10. https://doi.org/10.3390/anti
biotics10020180.

Torp AM, Bahl MI, Boisen A et al. Optimizing oral delivery of next
generation probiotics. Trends Food Sci Technol 2022;119:101-9. http
s://doi.org/10.1016/].tifs.2021.11.034.

Torp AM, Kamguyan K, Christfort JF et al. Local Delivery of
Streptomycin in Microcontainers Facilitates Colonization of
Streptomycin-Resistant Escherichia coli in the Rat Colon.
Appl Environ Microbiol 2022;88. https://doi.org/10.1128/aem.0073
4-22.

Wickham H, Averick M, Bryan J et al. Welcome to the Tidyverse.
] Open Source Software 2019;4:1686. https://doi.org/10.21105/joss.
01686.

Xu Y, Zhao Z, Tong W et al. An acid-tolerance response system
protecting exponentially growing Escherichia coli. Nat Commun
2020;11. https://doi.org/10.1038/s41467-020-15350-5.

Zhao Z, Xu S, Zhang W et al. Probiotic Escherichia coli NISSLE 1917
for inflammatory bowel disease applications. Food and Function
2022;13:5914-24. https://doi.org/10.1039/d2f000226d.

Received 18 July 2023; revised 2 October 2023; accepted 19 October 2023

© The Author(s) 2023. Published by Oxford University Press on behalf of FEMS. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.

20z Arenigad z| uo Jasn xajoliqig o61jeBuo 190 Aq 6009ZEL/0L L PEUI/BISWSY/EE0L 0 L/10p/[oIE/a]SWa) W00 dno-olwapede//:sdny wolj papeojumoq


https://doi.org/10.1002/adtp.202200106
https://doi.org/10.1016/j.ohx.2022.e00275
https://doi.org/10.1128/microbiolspec.MBP-0006-2014
https://doi.org/10.1016/j.ijpharm.2019.118658
https://doi.org/10.1038/nrmicro1021
https://doi.org/10.1073/pnas.1006451107
https://doi.org/10.3390/pharmaceutics14112536
https://doi.org/10.1021/acsabm.0c01333
https://doi.org/10.1038/s41572-020-0205-x
https://doi.org/10.1136/gut.2006.099796
https://doi.org/10.1136/gut.2003.037747
https://doi.org/10.1128/IAI.00059-09
https://doi.org/10.1016/j.jconrel.2017.10.013
https://doi.org/10.1016/j.ijpharm.2016.03.050
https://doi.org/10.1016/j.ijpharm.2016.03.050
https://doi.org/10.3904/kjim.2021.458
https://doi.org/10.1016/j.crohns.2014.06.001
https://doi.org/10.1186/1471-2180-9-171
https://doi.org/10.1371/journal.pone.0022823
https://doi.org/10.1016/j.mee.2014.11.009
https://doi.org/10.1016/j.micpath.2019.01.022
https://doi.org/10.3389/fphar.2018.00468
https://doi.org/10.1038/nature20557
https://doi.org/10.3748/wjg.v22.i24.5505
https://doi.org/10.3390/antibiotics10020180
https://doi.org/10.1016/j.tifs.2021.11.034
https://doi.org/10.1128/aem.00734-22
https://doi.org/10.21105/joss.01686
https://doi.org/10.1038/s41467-020-15350-5
https://doi.org/10.1039/d2fo00226d
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results and discussion
	Acknowledgements
	Supplementary data
	Funding
	References

