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ABSTRACT Oral antibiotic treatment is often applied in animal studies in order to allow
establishment of an introduced antibiotic-resistant bacterium in the gut. Here, we compared
the application of streptomycin dosed orally in microcontainers to dosage through drinking
water. The selective effect on a resistant bacterial strain, as well as the effects on fecal,
luminal, and mucosal microbiota composition, were investigated. Three groups of
rats (n = 10 per group) were orally dosed with microcontainers daily for 3 days. One
of these groups (STR-M) received streptomycin-loaded microcontainers designed for
release in the distal ileum, while the other two groups (controls [CTR] and STR-W) received
empty microcontainers. The STR-W group was additionally dosed with streptomycin
through the drinking water. A streptomycin-resistant Escherichia coli strain was orally
inoculated into all animals. Three days after inoculation, the resistant E. coli was found
only in the cecum and colon of animals receiving streptomycin in microcontainers but
in all intestinal compartments of animals receiving streptomycin in the drinking water.
16S rRNA amplicon sequencing revealed significant changes in the fecal microbiota of
both groups of streptomycin-treated animals. Investigation of the inner colonic mucus
layer by confocal laser scanning microscopy and laser capture microdissection revealed
no significant effect of streptomycin treatment on the mucus-inhabiting microbiota or
on E. coli encroachment into the inner mucus. Streptomycin-loaded microcontainers
thus enhanced proliferation of an introduced streptomycin-resistant E. coli in the cecum
and colon without affecting the small intestine environment. While improvements
of the drug delivery system are needed to facilitate optimal local concentration and
release of streptomycin, the application of microcontainers provides new prospects for anti-
biotic treatment.

IMPORTANCE Delivery of antibiotics in microcontainer devices designed for release at
specific sites of the gut represents a novel approach which might reduce the
amount of antibiotic needed to obtain a local selective effect. We propose that
the application of microcontainers may have the potential to open novel oppor-
tunities for antibiotic treatment of humans and animals with fewer side effects on
nontarget bacterial populations. In the current study, we therefore elucidated the
effects of streptomycin, delivered in microcontainers coated with pH-sensitive lids,
on the selective effect on a resistant bacterium, as well as on the surrounding intestinal
microbiota in rats.
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The gut microbiota plays a pivotal role in immune system homeostasis and health of the
host (1). One of the main functions of the gut microbiota is to prevent the colonization

of invading microbes through a well-described phenomenon designated colonization resist-
ance, which is promoted by microbe-microbe and microbe-host interactions (2). Investigation
of specific bacterial functions in the gut is often explored in animals by oral introduction of
bacteria. Antibiotic treatment may in this context be applied to reduce the colonization barrier
of the microbiota and allow proliferation of inoculated bacteria resistant to the antibiotic (3, 4).
The antibiotic is typically added to the drinking water and, thereby, distributed through the
gastrointestinal tract until absorbed or secreted. However, a delayed and more localized
release, targeting specific bacterial spatial niches, may be obtained by encapsulating the orally
administered compound in specifically designed delivery vehicles. Novel polymeric delivery
vehicles, such as micrometer-sized microspheres or microdevices, are more adaptable than
conventional capsule delivery devices (5, 6). One promising type of microdevices is microcon-
tainers, a spherical polymeric reservoir with an opening at the top. Previous studies have dem-
onstrated the efficacy of microcontainers to protect the loaded content in various in vitro and
in vivo conditions (7). After loading, the microcontainer is coated with a pH- or enzyme-sensi-
tive coating (8) to control the speed and location of the release. Microcontainers have been
used to study oral delivery of amoxicillin and to increase systemic uptake of this drug in the
intestines of rats (9). Microcontainers have also been seen to improve bioavailability of the
drugs furosemide (10) and ketoprofen (11) in vivo.

In this study, we tested the feasibility of microcontainers (Fig. 1) for the delivery of strepto-
mycin, which is poorly absorbed, to the colon of rats and evaluated the effect of this local
delivery on the selective proliferation of an introduced streptomycin-resistant (Strr) strain of
Escherichia coli. Additionally, the impact of microcontainer-based delivery of streptomycin on
the intestinal luminal andmucosal microbiotas was assessed by 16S rRNA amplicon sequencing
and compared to the effect obtained by delivery of 5 g/L streptomycin in drinking water, which
is the current standard for rodent experimentation requiring bacterial colonization (12, 13).

RESULTS
Streptomycin delivered in microcontainers allows colonization of streptomycin-resist-

ant E. coli. Fecal samples were obtained throughout the study (Fig. 2A), and no Strr E. coli
was detected in any of the groups before administration of this strain (Fig. 2B). One day after
administration (day 2), the average numbers of Strr E. coli were significantly increased in
groups receiving streptomycin in microcontainers (STR-M) or drinking water (STR-W), but not
in the control (CTR) group. Between 24 and 48 h after E. coli administration, counts decreased
from 5.916 1.06 log CFU/g to 4.066 1.53 log CFU/g in the STR-M group, whereas counts in
the STR-W group were unchanged, going from 8.69 6 0.31 log CFU/g to 8.52 6 0.46 log
CFU/g. No E. coli was detected in the control group 48 h after inoculation, indicating that the

FIG 1 Illustration of local microcontainer-mediated streptomycin delivery and distribution in the intestinal environment.
(A) Streptomycin is confined inside the microcontainers until the pH-sensitive coating is degraded at approximately pH 7.
(B) Anticipated distribution of streptomycin in the intestinal environment, resulting in local hot spots when delivered by
microcontainers and in a more even distribution when administered in drinking water. (Illustration created with BioRender).
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bacterium was not able to proliferate in the animals without streptomycin treatment. A larger
variation was observed in the counts obtained in the STR-M group than in the STR-W group,
probably reflecting the difference between a distinct once-a-day treatment with streptomy-
cin versus a more continuous ingestion with ad hoc drinking water.

Streptomycin-resistant E. coli colonizes the cecum and colon of rats receiving strepto-
mycin in microcontainers. In line with the observation from fecal samples, Strr E. coli was not
detectable in any of the sampled intestinal compartments (jejunum, ileum, cecum, and colon)
of the CTR group on day 3 (Fig. 3), confirming that the introduced bacteria were rapidly shed
from the gut of non-streptomycin-treated animals. In 2 of the 10 STR-M animals, E. coli was de-
tectable in the jejunum and ileum, indicating premature release of streptomycin from the
microcontainers in the small intestine. Nevertheless, the average E. coli counts in the small intes-
tinal sections of the STR-M group were not significantly different from those in the CTR group.
In contrast, significantly higher numbers of Strr E. coli were found in the jejunum and ileum
from the STR-W group than from the CTR group, reaching 3.98 6 1.68 log CFU/g and
6.386 1.05 log CFU/g, respectively.

FIG 2 Schematic representation of the in vivo study (A) and detection of Strr E. coli in feces (B). Significantly
different loads of Strr E. coli were observed between all groups (P , 0.01, multiple unpaired t tests) on day 2
and day 3 as well as for STR-M between day 2 and 3 (P , 0.01, paired t test), assessed by CFU counting.
Detection limit, 250 CFU/g feces; values below the detection limit were set to half detection.

FIG 3 Detection of Strr E. coli in gut compartments 2 days after administration. Delivery of streptomycin in
microcontainers targeting the large intestine allowed selective proliferation of Strr E. coli in the cecum and
colon, but not in the small intestine, as opposed to streptomycin delivery in the drinking water, which
allowed significantly higher loads of Strr E. coli in all intestinal compartments. Note that the total amount of
streptomycin delivered by microcontainers in STR-M animals was lower than the total amount delivered by
drinking water in STR-W animals, which likely explains the cecal and colonic differences between the
counts in these two groups. Detection limit, 250 CFU/g feces; values below the detection limit are set to
half detection. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ns, not significant.
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In the cecum and colon, both of the streptomycin-treated groups (STR-M and STR-W) con-
tained significantly higher numbers of E. coli than the CTR. In the STR-M group, 4.26 6 1.59
and 4.226 1.51 log CFU/g were measured in the cecum and colon, respectively. In the STR-W
group, 104-fold-higher counts of 8.66 0.37 log CFU/g in the cecum and 8.456 0.42 log CFU/
g in the colon were detected. In three of the STR-M animals, E. coli was undetectable in all in-
testinal compartments (Fig. 3) as well as in feces (Fig. 2B), suggesting that release of strepto-
mycin from the microcontainers had failed in these animals.

A low dose of streptomycin in microcontainers impacts intestinal microbiota compo-
sition. Animals receiving streptomycin in microcontainers were each fed one microcontainer-
filled capsule a day, equivalent to about 3.19 mg of streptomycin, whereas the animals receiving
streptomycin in the drinking water were estimated to have ingested around 250 mg of drug
per day. To assess the effect on the gut microbiota of a low dose of streptomycin delivered in
microcontainers, fecal and luminal gut contents were profiled by 16S rRNA amplicon sequenc-
ing (Fig. 4A). Within-sample diversity, i.e., alpha diversity, was assessed by the Shannon index,

FIG 4 Changes in fecal microbiota after streptomycin treatments for 3 days. (A) Bar plots of the bacterial genus distribution in
feces before and after 3 days of streptomycin treatment. A few groups were only identified at the family level. (B) Box plots of
the fecal microbiota alpha diversities on day 0 (left) and day 3 (right). Statistics shown in the day 3 plot are based on
comparisons to the same group at day 0. *, P , 0.05; **, P , 0.01; ***, P , 0.001. (C) PCoA plots of Bray-Curtis dissimilarities of
the fecal microbiota. Arrows in the PCoA plot denote samples from the three animals showing no Strr E. coli detected. Significant
differences were found between CTR and STR-W animals (P = 0.01, ANOSIM) on day 0 and for STR-M (P , 0.01, ANOSIM) and
STR-W (P , 0.01, ANOSIM) between day 0 and day 3. No significant differences were found between CTR and STR-M (P = 0.15,
ANOSIM) or STR-M and STR-W (P = 0.09, ANOSIM) on day 0 or between day 0 and day 3 for CTR (P = 0.53, ANOSIM).
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whereas between-sample diversity, i.e., beta diversity, was assessed by principal component
analysis (PCoA) of Bray-Curtis dissimilarities. While there were no differences in the alpha
diversity between the three groups at day 0 (P = 0.49, Kruskal-Wallis test) (Fig. 4B), a small
but significant difference in beta diversity at day 0 was observed between the CTR and
STR-W groups (P = 0.01, R = 0.19, analysis of similarities [ANOSIM], Bray-Curtis) (Fig. 4C). Before
streptomycin administration (day 0), no differences in fecal beta diversity were observed
between the CTR and STR-M groups (P = 0.15, R = 0.08, ANOSIM, Bray-Curtis) (Fig. 4C) nor
between the STR-M and STR-W groups (P = 0.09, R = 0.11 ANOSIM, Bray-Curtis) (Fig. 4C).
The fecal microbiota changed between day 0 and day 3 in both streptomycin-treated
groups (for both, P , 0.01, ANOSIM, Bray-Curtis) (Fig. 4C), accompanied by a significant
decrease in alpha diversities (for both, P , 0.01, Wilcoxon) (Fig. 4B). A PCoA based on
Bray-Curtis dissimilarities (Fig. 4C) revealed distinct clustering of the streptomycin-treated
groups at day 3. The gut microbiota did not change significantly in the CTR group between
day 0 and day 3 (P = 0.53, ANOSIM, Bray-Curtis), indicating that the presence of microcon-
tainers without streptomycin content did not affect the gut microbiota.

Before streptomycin treatment, the relative abundance of Escherichia and Shigella in the
fecal samples as assessed by 16S rRNA gene profiling was below 0.01% in all groups. The rel-
ative abundance of Escherichia and Shigella increased to 3.00% (61.95% standard deviation
[SD]) after streptomycin treatment in the STR-W group, but no increases in the other
groups were detected, suggesting that the 16S-based profiling did not capture the
increase of E. coli detected by the more sensitive CFU enumeration in the STR-M group.
The Escherichia and Shigella relative abundance assessed by 16S rRNA profiling showed a
positive correlation to the Strr E. coli CFU counts from fecal and intestinal samples (R2 =
0.67), suggesting that the relative abundance changes were primarily caused by coloniza-
tion of the introduced E. coli and did not reflect changes in endogenous E. coli populations
of the animals (see Fig. S1 in the supplemental material).

Microcontainer-delivered streptomycin affects the cecal and colonic microbiota but
not the small intestinal microbiota. Fecal and intestinal samples were analyzed by 16S
ribosomal gene amplicon sequencing (Fig. 5A). No differences in alpha diversity were
observed between treatment groups in the jejunal and ileal compartments (Fig. 5B).
The relative abundance of Escherichia and Shigella in the jejunum was ,0.01% in all three
groups. Similarly, the jejunal and ileal beta diversities did not differ between the CTR and STR-
M groups (Fig. 5C). However, the STR-W group displayed a significantly different ileal
community from the two other groups (Fig. 5C). In the ileum, the relative abundance of
Escherichia and Shigella was 6.72% (67.87%) in the STR-W group, while it was ,0.001%
in both the STR-M and CTR groups.

In the cecum and colon, significant differences in beta diversity were observed between
the two streptomycin treatment groups and the CTR group (for both comparisons, P# 0.001,
ANOSIM, Bray-Curtis) (Fig. 5C), while the alpha diversity was significantly lowered only in the
STR-W group (Fig. 5B). The relative abundances of Escherichia and Shigella remained ,0.01%
in cecum and colon of the control animals. In the STR-M and STR-W groups, the relative abun-
dances were 0.48% (60.86%) and 9.40% (65.56%) in the cecum and ,0.01% and 2.42%
(61.32%) in the colon, respectively, in line with the CFU enumerations (Fig. 3).

Streptomycin does not increase the colonization of E. coli in the inner colonic
mucus layer. 16S rRNA gene sequencing was applied on laser capture microdissected
inner mucus layer, in order to see whether release of streptomycin from microcontainers
embedded in the mucus might affect encroachment of E. coli or modulate the sparse bac-
terial population interacting directly with the epithelium. Escherichia was not detected in
the mucosal compartments in any of the three groups. The three most abundant bacterial
species found in the inner mucus were Akkermansia muciniphila, a Corynebacterium sp.,
and Alistipes finegoldii (Fig. 6A). Even though the higher relative abundance of A. mucini-
phila observed in the mucus of STR-W animals was not statistically significant (P = 0.23,
unpaired t test), it is worth noting that A. muciniphila relative abundance was generally
lower in the CTR group. No significant changes were found for the Corynebacterium sp.
and Alistipes finegoldii between the groups. Additionally, no difference in the distance
between the microbiota and the colonic epithelium was observable by histological
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analysis (Fig. 6B and C), suggesting that streptomycin administration did not impact local-
ization or composition of the mucus-associated microbiota.

DISCUSSION

Here, we have demonstrated that microcontainers can be utilized for local delivery of anti-
biotics in the gut environment to selectively enhance the proliferation of an introduced resist-
ant gut bacterium in the cecum and colon. We chose streptomycin as the model antibiotic, as
this bactericidal drug is conventionally added to the drinking water at 5g/L to allow in vivo co-
lonic establishment of orally introduced Gram-negative bacteria, such as E. coli (14–19).
However, we found that this concentration of streptomycin also affected the small intestinal
bacterial community and allowed E. coli engraftment also in this compartment. A 16S rRNA
amplicon analysis revealed that Escherichia and Shigella constituted 6.72% (67.87%) of the
total bacterial community in the ileum of animals dosed with 5g/L of streptomycin in drinking

FIG 5 Changes in the microbiota in different gut compartments following streptomycin administration for 3 days. (A) Bar plots of the bacterial taxonomy
distribution in gut compartments after 3 days of streptomycin treatment. (B) Box plots of the gut microbiota alpha diversities. *, P , 0.05; **, P , 0.01; ***, P , 0.001.
(C) PCoA plots of the gut microbiota based on Bray-Curtis dissimilarities. Arrows in the PCoA plot mark communities from the three animals showing no Strr E. coli
detection. No significant differences were found between the three groups in jejunum (CTR versus STR-M, P = 0.23; CTR versus STR-W, P = 0.30; STR-M versus STR-W,
P = 0.70, ANOSIM). In ileum, a significant difference was found between CTR and STR-W groups and the STR-M and STR-W groups (CTR versus STR-W, P , 0.01; STR-
M versus STR-W, P , 0.01, ANOSIM) but not between CTR and STR-M (P = 0.47, ANOSIM). In the cecum and colon, significant differences were found between all
groups (all comparisons, P , 0.01, ANOSIM).
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water which, considering that E. coli is not endogenous to the ileum, appears high. Also, E. coli
was observed to colonize the jejunum of animals only in the STR-W group (Fig. 3).

An important objective of our study was to compare the effect of delivering antibiot-
ics contained in microcontainers as numerous small hot spots of high concentrations,
which then diffuse into the local intestinal site, to that of a more constant and evenly dis-
tributed supply through the drinking water. While animals in the STR-W group were con-
tinuously exposed to streptomycin, animals receiving the drug in microcontainers were
only exposed once every 24 h, which possibly created more fluctuating local intestinal
concentrations. The significant E. coli decrease observed in fecal samples in the STR-M group
between 24 and 48 h after inoculation, but not in the STR-W group, may be attributed to a
decrease in the overall concentration of streptomycin delivered by microcontainers on the
previous day, which did not occur in the animals that still had access to streptomycin-con-
taining water 48 h after inoculation.

An unavoidable difference in the total amount of delivered streptomycin between
the STR-W and STR-M groups is highly likely to play a role in our observations. Although
the design was optimized to deliver as much streptomycin in microcontainers as possible,
animals receiving streptomycin by this method were estimated to have received around
80-fold less streptomycin than those dosed with the standard of 5 g/L via drinking water.
Nevertheless, the locally delivered lower dose of streptomycin significantly modulated the cecal
and colonic microbiota and allowed engraftment of the introduced E. coli. Microcontainer-
based delivery may thus be suited for interventions where a high local concentration but a low
total use of antibiotics is desired.

FIG 6 Analysis of the inner colonic mucus layer. (A) Relative abundances of the three most prevalent
bacteria found in the colonic inner mucus layer. No statistically significant differences were found for
A. muciniphila (P = 0.47, one-way ANOVA), Corynebacterium sp. (P = 0.11, one-way ANOVA), or A. finegoldii
(P = 0.32, one-way ANOVA) between the three groups. Undetected bacteria were set to a relative
abundance of 0.01%. (B) Distances from the intestinal epithelium cells (IEC) to the microbiota were not
significantly altered by the streptomycin treatments (P = 0.64, one-way ANOVA). (C) Representative
confocal laser scanning microscopy (CLSM) image of the colonic mucosa with epithelial cells (blue, DNA),
epithelium border (orange, actin), mucus (green. MUC2), and the gut bacteria (purple, 16S gene). The
dotted red line represents a typical sample collected by laser capture microdissection.
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To control streptomycin release from the microcontainers, we used the commercially
available coating Eudragit S100, which is characterized as a colon-specific coating designed
to dissolve above a pH of approximately 7 (20). The pH variation throughout the murine in-
testinal tract is less pronounced than in the human intestine (21), making pH-dependent tar-
geted release more challenging. However, the pH has been reported to reach around 7 in
the distal part of the rat ileum (22). Microcontainers coated with Eudragit S100 have previ-
ously been reported to release their content at pH 6.8 (23), indicating that distal ileal release
occurs in rats. However, interindividual pH variations in the gut may explain that there were
no detectable amounts of resistant E. coli in the gut of three rats receiving streptomycin in
microcontainers, suggesting that no streptomycin was released from the drug delivery devi-
ces. Nevertheless, cecal, colonic, and fecal microbial communities from these three animals
grouped with those from the other animals in the STR-M group, indicating that exposure to
streptomycin had indeed occurred (Fig. 4C and 5C). We speculate that the release of strepto-
mycin in these three rats failed on day 0 and that the intestinal environment was therefore
not conditioned to allow proliferation of the E. coli, which was administered solely on day 1.
Subsequently, release from microcontainers administered on day 2 could then have caused
the observed changes in the endogenous microbiota but occurred at a time point when Strr

E. coli had already been cleared from the gut.
As E. coli is known to proliferate in murine colonic mucus (15), we sought to investigate

the effect of this streptomycin delivery approach on the mucosal gut microbiota of the ani-
mals inoculated with Strr E. coli. Despite the substantial E. coli increase observed by CFU
counts in samples from the STR-W group 2 days after inoculation (Fig. 2B and 3), we did not
observe Escherichia encroachment in the colonic mucosa by 16S amplicon sequencing of
the mucus obtained by laser capture microdissection (LCM). We speculate that this orally
added strain, which is foreign to the rat gut environment, only proliferated in the intestinal
lumen and did not penetrate the inner mucus. Surprisingly, the significant gut microbiota
changes induced by streptomycin in the STR-M and STR-W animals were not reflected in
changes of the mucosal communities and did not affect the distance from the colonic epi-
thelium to the gut microbiota. We did, however, observe a nonsignificant increase in the rel-
ative abundance in the mucosa of Akkermansia muciniphila, a gut commensal associated
with a healthy mucus layer (24), in both of the groups receiving streptomycin. This is consist-
ent with previous observations showing an increase in A. muciniphila colonization following
broad-spectrum antibiotic treatment in humans (25).

Conclusion. Application of microcontainers, from which the site of delivery was
controlled by an added enteric coating, allowed delivery of streptomycin locally in the gut in
amounts sufficient for selective enhancement of introduced streptomycin-resistant E. coli in the
cecum and colon of rats. Themicrocontainer delivery system did not affect the microbiota in je-
junum and ileum, as opposed to the conventional delivery method of adding the antibiotic to
the drinking water. This has implications for the use of microcontainer-delivered drugs in animal
studies involving inoculation of resistant strains and in which only a local proliferation is desired.
From the longer perspective, the application of microcontainers may open novel opportunities
for antibiotic treatment of humans with fewer side effects on nontarget populations.

MATERIALS ANDMETHODS
Preparation of inoculum. E. coli mCherry was derived from E. coli K-12 (MG1655) with a lacIq-GenR-

mCherry gene chromosomally incorporated in the attTN7 site, which was kindly provided by Asmus K.
Olesen, University of Copenhagen. We chose a fluorescence-expressing strain for easy visual verification. The
genetically modified bacterium constitutively expresses fluorescent mCherry protein and is gentamicin resist-
ant. For the study, a spontaneously streptomycin-resistant (MIC. 5 g/L) strain was isolated. The streptomycin-
resistant E. colimCherry was stored in LB medium with 15% glycerol (SSI Diagnostica A/S) at280°C until use.

Before inoculation to rats, a Strr colony was transferred to LB broth supplemented with 20mg/mL gentamicin
and 100 mg/mL streptomycin overnight or 16 h at 37°C with shaking. The culture was centrifuged at 5,000 � g
for 10 min, washed, and resuspended in sterile phosphate-buffered saline (PBS) to a cell density of 109 CFU/mL.
An inoculum of 100mL of this suspension, corresponding to 108 CFU, was given to each rat.

Fabrication, loading, and coating of microcontainers. The microcontainers used in this study were
kindly provided by Lasse Højlund Eklund Thamdrup, Department of Health Technology, Technical University of
Denmark. They had a size of 250mm (outer height) by 325mm (outer diameter) and were fabricated from the
negative epoxy photoresist SU-8 (SU-82035, 2075 and SU-8 developer; micro resist technology GmbH, Berlin,
Germany) on Au-Ti-coated silicon substrates, through a previously described photolithography process (26).
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The microcontainers were loaded with streptomycin by using polydimethylsiloxane (PDMS; Sylgard
184; Dow Corning, MI, USA) as previously reported (27). In short, PDMS (resin and cross-linker) was
poured on the silicon substrates to mask the area between the microcontainers. After cross-linking of
the PDMS, the streptomycin powder was compressed onto the reservoirs of the microcontainers using a
spatula, after which the PDMS mask was manually peeled off using a tweezer.

The streptomycin-loaded microcontainers were sealed with the enteric coating Eudragit S100 (Evonik
Industries, Darmstadt, Germany) as previously described (28). In brief, an isopropanol solution with 1% (wt/vol)
Eudragit S100 and 0.5% (wt/vol) dibutyl sebacate (in relation to the polymer; Sigma-Aldrich, St. Louis, MO,
USA) as plasticizer was prepared. The solution was spray coated at 40°C with a 2.2-W generator power and a
0.1-mL/min infusion rate, using a spray coater with an ultrasonic nozzle (ExactaCoat system; Sono-Tek, Milton,
NY, USA). During the coating process, the nozzle speed was set at 10 mm/s, and the shaping air had 0.02 kPa
pressure. The coated microcontainers were then kept at room temperature for up to 24 h for the coating to
dry. For the in vivo experiment, coated microcontainers were manually scraped off the Au-Ti-coated silicon sub-
strates and loaded into gelatin capsules (size 9; Torpac, Fairfield, NJ, USA). The final amount of streptomycin
per loaded capsule was 3.19 mg (60.44 mg). Capsules were stored at 5°C until use within a week.

In vivo rat experiment. Thirty Sprague-Dawley rats (Taconic Europe A/S), approximately 26 weeks
old, were used to test the effect of streptomycin delivered by microcontainers on Strr E. coli colonization and
to evaluate the changes in microbiota composition. Before the experiment, all animals were singly housed and
randomly allocated into three groups of 10 animals. Each animal was administered Strr E. coli by oral gavage
on day 1 and received a microcontainer-filled capsule at day 0, day 1, and day 2. The STR-M group received
capsules containing streptomycin-filled microcontainers, whereas microcontainers received by the CTR group
and STR-W group were empty. The STR-W group received streptomycin in the drinking water (5 g/L) from day
0. Animals had access to food (Altromin 1314) and water ad libitum before and during the experiment. Fresh
fecal samples were collected directly from the individual animals before the start of the experiment on day 0
and on days 1, 2, and 3. On day 3, animals were sacrificed by CO2 asphyxiation followed by decapitation, and
luminal samples from jejunum, distal ileum, cecum, and proximal colon were collected (Fig. 2A).

CFU enumeration. To quantify viable E. coli mCherry cells from feces and intestinal content during
the in vivo study, CFU were counted. After collection, samples were serially diluted in PBS, plated on LB
agar supplemented with 20 mg/mL gentamicin and 100 mg/mL streptomycin, and incubated at 37°C for
24 h before colonies were counted.

Tissue processing for microscopy. Immediately after euthanasia of the animals, 2-cm sections were
collected from the jejunum, distal ileum, and proximal colon. Samples were placed in cassettes and fixated in
methanol-Carnoy’s solution (60% methanol, 30% chloroform, and 10% acetic acid) for 48 h at room temperature.
Tissues were deposited into a tissue processing device (Thermo Scientific Excelsior ES Tissue, Denmark) for
ethanol dehydration serial steps (ethanol at 70%, 90%, 100%). After that, the tissues were embedded in paraffin
and sectioned.

Immunostaining and FISH. To visualize bacteria and their localization in the tissue sections, immu-
nostaining of the mucus was paired with fluorescent in situ hybridization (FISH) as modified by Johansson and
Hansson (29). For confocal analyses, 8-mm sections were prepared and dewaxed at 60°C for 10 min, first with
xylene for 10 min and then 99.5% ethanol for 5 min. Hybridization was performed at 50°C overnight with
EUB338 probe (59-GCTGCCTCCCGTAGGAGT-39, with 59 labeling using Alexa 647) diluted to a final concentra-
tion of 10 mg/mL in hybridization buffer (20 mM Tris-HCl [pH 7.4], 0.9 M NaCl, 0.1% SDS, 20% formamide).
After washing 10 min in washing buffer (20 mM Tris-HCl [pH 7.4], 0.9 M NaCl) and a quick wash in PBS, slides
were incubated in blocking solution (5% fetal bovine serum in PBS) in darkness at 4°C for 30 min. Slides were
then gently dried and a PAP pen (Sigma-Aldrich) was used to encircle the section. Mucin-2 primary antibody
(rabbit MUC2 antibody [C3], C-term; Genetex catalog number GTX100664) was diluted 1:100 in blocking solu-
tion and applied overnight at 4°C. After three 10-min washes in PBS, blocking solution containing anti-rabbit
Alexa 488 secondary antibody (Invitrogen) diluted 1:300, phalloidin-tetramethylrhodamine B isothiocyanate
(Sigma-Aldrich) at 1 mg/mL, and Hoechst 33258 (Sigma-Aldrich) at 10 mg/mL was applied to the section for 2
h. After three 10-min washes in PBS, slides were mounted using Prolong antifade mounting medium (Life
Technologies) and kept in the dark at 4°C.

Samples for LCM were prepared as for confocal analyses with a few modifications. Arcturus PEN
membrane frame slides (Applied Biosystems) were used and precoated with poly-L-lysine the day before
by spreading 200 mL undiluted poly-L-lysine evenly on the membrane and dried overnight. In addition,
samples were deparaffinized in xylene at room temperature, coverglasses were used instead of the PAP
pen during incubation of primary MUC-2 antibody, and slides were not mounted with Prolong antifade
medium. The slides were kept at 4°C until microdissection.

Confocal laser scanning microscopy. Images were acquired on a Spinning Disk IXplore using the
Olympus cellSens imaging software (V2.3) at a frame size of 2,048� 2,048 with 16-bit depth. A 405-nm laser was
used to excite the Hoechst stain (epithelial DNA), 488 nm for Alexa Fluor 488 (mucus), 488 nm for tetramethyl
rhodamine isocyanate (actin), and 640 nm for Alexa Fluor 647 (bacteria). Samples were imaged with a 20�
objective or 60� oil immersion objective.

The epithelium-bacteria distance was calculated as follows: animals were randomized and 4 to 5 images
showing intact mucus layers were selected from each animal. This step included five animals from the control
group, four from the STR-M group, and nine from the STR-W group. For each image, five representative bacte-
rial cells closest to the epithelium were selected, and the shortest distance was measured to the actin-stained
epithelium border using the ImageJ software. Between 20 and 25 measurements were analyzed per animal.

Laser capturemicrodissection. Laser capture microdissection was performed as previously described
(30). Section and microdissection were performed on an Arcturus laser capture microdissection system. Inner
mucus layers from the samples were selected, as illustrated in Fig. 6C, and collected on CapSure Macro LCM
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caps (Arcturus) using a combination of infrared (IR) capture and UV (UV) laser cutting. A mean area of approxi-
mately 0.21 mm2 was collected from each sample. The membrane holding the inner mucus samples was care-
fully collected and stored at280°C in DNA-free 0.5-mL tubes until DNA extraction.

DNA isolation from the inner mucus layer. The inner mucosal DNA was isolated using Qiagen
QIAamp DNA Micro kit. In brief, 30 mL of ATL buffer and 20 mL of proteinase K were added to the microdis-
sected samples and the mixtures were incubated at 56°C overnight. The next day, 50 mL of ATL buffer and
100mL of AL buffer was added to each sample, followed by vortexing, and 100mL of ethanol was added with
a 5 min incubation at room temperature. The samples were transferred to a QIAamp MinElute column without
the membrane and centrifuged at 6,000 � g for 1 min. The column was washed with 500 mL of AW1 buffer
and 500mL of AW2 buffer and dried by centrifugation at 20,000 � g for 3 min. Then, 20mL of DNA-free water
(Mobio) was added to the column center and the mixture was incubated at room temperature for 10 min, fol-
lowed by centrifugation at 20,000� g for 1 min to collect eluted DNA.

DNA isolation, amplification, and 16S rRNA gene amplicon sequencing of fecal and intestinal
contents. Fecal and intestinal samples were treated as previously described (31).

16S rRNA amplicon analysis of fecal and luminal contents. Analysis of the 16S rRNA gene ampli-
cons was carried out essentially as previously described (31). In brief, sequences were demultiplexed and
trimmed to remove barcodes and primers, and sequences below 125 bp or above 180 bp were discarded
using the CLC Genomic Workbench (v8.5) software (CLCbio, Qiagen, Aarhus, Denmark). Using the DADA2
pipeline v1.12.44 in the R software (https://www.R-project.org/), reads were quality filtered (maxEE = 1,
maxN = 0, truncQ = 2)and denoised (homopolymer gap penalty = 21, band size = 32), and chimeric
sequences were removed. Amplicon sequence variants (ASVs) were assigned taxonomy using the RDP 16S
rRNA database (rdp_train_set_18.fa.gz). Using QIIME2 (2019.1), ASVs with a frequency of,100 reads across
all samples or assigned to Cyanobacteria/chloroplast were discarded. The core diversity metrics function
was used with a rarefaction depth of 8,300 reads per sample to create Bray-Curtis distance matrices and
alpha diversity measures (Shannon index). Using the rarefy table function, the ASV table was rarefied to
8,300 reads per sample and collapsed to genus levels using the taxa collapse function. Relative abundan-
ces at genus level were calculated by total sum scaling normalization.

16S rRNA amplicon sequencing and analysis of inner mucus microbiota. Sequencing of 16S
rRNA amplicons from inner mucus samples was performed as previously described using the Illumina
MiSeq technology and following the protocol from Earth Microbiome Project (32).

Sequencing reads were demultiplexed and quality filtered using DADA2 (33) with QIIME2 default pa-
rameters. Taxonomy was assigned to the sequences with a 99% threshold of pairwise identity to the Greengenes
reference database 13_8.

Statistics. Statistics were calculated using GraphPad Prism v. 9.0.2 unless otherwise stated. For com-
parisons of Strr E. coli load, CFU counts were compared using multiple unpaired t tests between groups and paired
t tests between days within groups. Alpha diversities were compared using the Wilcoxon matched-pairs signed-
rank test for same-group comparisons and Kruskal-Wallis test for different group comparisons with
adjusted P values (Dunn’s multiple-comparison test). The ANOSIM analyses were based on the Bray-
Curtis dissimilarity matrix. All figures were generated using the GraphPad Prism software v 9.0.2 (GraphPad
Software Inc., La Jolla, CA).

Ethical approval. Ethical approval was given by the Danish Animal Experiments Inspectorate (2015-
15-0201-00553). The experiments were overseen by the National Food Institute’s inhouse Animal Welfare
Committee for animal care and use.

Data availability. Sequence data have been deposited at the NCBI Sequence Read Archive under
BioProject ID PRJNA764561.
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