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Bacteria can be genetically programmed to sense and report the presence of disease biomarkers in the gastro-
intestinal (GI) tract. However, diagnostic bacteria are typically delivered via oral administration of liquid cul-
tures, resulting in poor survival and high dispersal in vivo. These limitations confound recovery and analysis of
engineered bacteria from GI or stool samples. Here, we demonstrate that encapsulating bacteria inside of alginate

core-shell particles enables robust survival, containment, and diagnostic function in vivo. We demonstrate these
benefits by encapsulating a strain engineered to report the presence of the biomarker thiosulfate via fluorescent
protein expression in order to diagnose dextran sodium sulfate-induced colitis in rats. Hydrogel-encapsulated
bacteria engineered to sense and respond to physiological stimuli should enable minimally invasive moni-
toring of a wide range of diseases and have applications as next-generation smart therapeutics.

1. Introduction

The human GI tract harbors trillions of bacteria comprising over 500
species [1,2]. Core physiological processes such as metabolism, im-
mune-, and brain function are affected by interactions between gut
microbes and the host [3-7]. Disruption of gut bacterial-host in-
teractions are linked to obesity, type 2 diabetes, hepatic steatosis, in-
flammatory bowel disease (IBD), and several types of cancer [8,9]. Thus,
gut metabolites and signaling molecules could serve as biomarkers of a
wide range of diseases [10-13].

Genetically engineered bacteria have potential to sense and report
gut biomarkers in order to diagnose diseases [14-19]. For example, we
recently discovered a thiosulfate (SgO%’)-activated two-component
regulatory system we named ThsSR in the marine bacterium Shewa-
nella halifaxensis and repurposed it to program the human probiotic E.
coli Nissle 1917 (hereafter Nissle) to diagnose dextran sodium sulfate
(DSS)-induced colitis in mice [20]. ThsSR comprises the
membrane-bound sensor kinase ThsS and the cytoplasmic response
regulator ThsR. In the presence of extracellular thiosulfate, ThsS
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phosphorylates ThsR, which then induces transcription from the Pppss
target promoter. To diagnose colitis, we expressed ThsSR in Nissle and
utilized superfolder green fluorescent protein (sfGFP) expression to
monitor Pypsa activity. We further engineered this strain to constitutively
express the red fluorescent protein mCherry, enabling us to identify it
within complex GI and stool samples. Using flow cytometry, we
observed a clear relationship between the extent of colon inflammation
and ThsSR activity [20]. Using a similar approach, we utilized an acidic
pH-sensing TCS to engineer E. coli to report ileal inflammation in a
mouse genetic model of Crohn’s Disease [21]. In other work, E. coli
engineered to express GFP from a fucose-activated promoter were used
to measure fucose liberated by the gut commensal B. acidifaciens from
the mouse intestine [22]. The human commensal bacterium
B. thetaiotaomicron has been engineered to sense and respond to exog-
enous rhamnose and arabinogalactan supplemented by diet to the mu-
rine gut [23]. Finally, a tetrathionate sensing two-component regulatory
system from S. typhimurium was combined with an engineered genetic
memory device to engineer E. coli to report inflammation in both
infection-induced and genetic mouse models [24].
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Despite these early advances, delivery of engineered bacteria to the
gut environment remains a challenge [25,26]. In particular, liquid cul-
tures of engineered bacteria are typically delivered orally or to the
stomach via gavage. Administered bacteria may encounter the
envelope-destroying enzyme lysozyme in the mouth [27], a highly
acidic pH in the mammalian stomach [28,29], and antimicrobial bile
salts in the small intestine [30,31], greatly reducing their viability.
Furthermore, the administered bacterial bolus disperses throughout the
GI tract, which can exacerbate low bacterial recovery from stool for
analysis [20,21]. Techniques to enhance survival and containment in
the GI tract could broaden the applications of engineered bacteria in the
gut environment.

In biomedical engineering, hydrogel encapsulation is commonly
used to deliver cells of interest to target in vivo tissues [32]. Biomaterial
carriers can provide a protective, semi-controllable environment to
support the growth and viability of encapsulated cells. In particular,
marine polysaccharides such as alginate have garnered attention due to
their cost-efficiency and widespread availability, as well as their cyto-
compatibility, which enables their use with versatile cell types [33].
Furthermore, alginate can be polymerized via mild ionic crosslinking
reactions to provide a semi-permeable barrier for the containment of
live cells, enabling them to transmit or receive signals from their sur-
roundings. The gels formed through this process exhibit advantageous
physicochemical properties including water insolubility, pH respon-
siveness, and tunable mechanical strength. Encapsulation has also been
used by the food industry to enhance delivery of probiotics to the gut
[34-36]. Various studies have demonstrated that bacterial encapsula-
tion within alginate polymers can improve viability in simulated gastric
and intestinal fluid [37].

Due to these advantages, researchers have begun to encapsulate
bacteria for therapeutic applications. In early work, Prakash et al. used
alginate-poly-L-lysine-alginate (APA) to encapsulate E. coli genetically
engineered to express the enzyme urease. They then demonstrated that
oral administration of these encapsulated microbes helps maintain
normal plasma urea levels in uremic rats [38]. In other work, alginate
was used to encapsulate a microbial community of E. coli, B. coagulans,
and E. hormaechei strains isolated from mouse fecal samples for their
ability to metabolize urea and creatinine into amino acids [39]. This
encapsulated microbial consortium was used to clear metabolic wastes
and treat kidney failure in murine and porcine models [39]. Other
probiotic strains, such as L. salivarius, have been delivered via encap-
sulation in chitosan-alginate gels to improve disease outcome in mice
with DSS-induced colitis [40]. More recently, Yang et al engineered
E. coli and L. lactis to produce interferon gamma (IFN-y) and trans-
forming growth factor beta-1 (TGF-§ 1), respectively, in response to
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optogenetic stimulation. They subsequently encapsulated these strains
in a chitosan-sodium alginate polymer to improve bacterial colonization
in the mouse gut [41]. Dai et al. used chitosan and alginate microcap-
sules to confine engineered bacteria and achieve cell density-dependent
lysis that releases protein products in a programmable way responsive to
cell-material feedback [42]. As a final example, Han et al.developed
chitosan microcapsules for the subcutaneous administration of bacteria
engineered to produce protein drugs [43]. While such systems have been
successful in releasing therapeutics or responding to co-administered
stimuli such as light or small molecule inducers, they have not often
been used to directly monitor physiological signals or diagnose disease.
Additionally, the probiotic delivery systems developed to date have been
tested primarily on in vitro digestion models that are unable to accu-
rately simulate the animal GI tract [37]. To our knowledge, no previous
research has directly measured the survival of encapsulated bacteria in a
mammalian model.

Here, we utilize alginate polymer encapsulation to improve the de-
livery and recovery of engineered colitis-sensing bacteria in a rat model
(Fig. 1). Specifically, we encapsulate our previous thiosulfate-sensing
Nissle strain into millimeter-scale hydrogels using electrostatic spray-
ing. We develop mechanical processing methods to physically release
bacteria from the hydrogels for downstream analysis via flow cytometry.
By quantifying live cell numbers before and after encapsulation, we
demonstrate that the encapsulation process is non-toxic. We then show
encapsulation protects bacteria from death at pH = 3.2, the pH of the rat
stomach [44]. We go on to deliver 107 encapsulated thiosulfate-sensing
bacteria to rats prior to and following DSS treatment and recover them
from stool. Selective plating reveals that our bacteria increase in
numbers during GI transit, in stark contrast to the far lower numbers
previously recovered without encapsulation. We also show that the
hydrogel capsules maintain morphological integrity in vivo. We assess
the fluorescent reporter activation of retrieved bacteria via flow
cytometry and confirm that ThsSR is activated by DSS-induced gut
inflammation in all animals. Finally, we demonstrate that reporter
fluorescence correlates with animal disease state as measured by disease
activity index (DAI), suggesting that our encapsulated bacterial bio-
sensors can accurately diagnose gut inflammation in vivo.

2. Materials and methods
2.1. DNA and bacterial strains
Wild-type E. coli Nissle 1917 (gift from the Sebastian Winter group)

was used for viability staining experiments. Strain KDO1, an engineered
thiosulfate-sensing E. coli Nissle 1917 strain resistant to
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Fig. 1. Delivery of alginate-encapsulated diagnostic bacteria to the gut. Engineered bacteria are encapsulated and administered orally. Small molecule bio-
markers diffuse through the capsules, activating the expression of a bacterial reporter gene. The capsules are recovered from stool or GI tissue sites for down-

stream analysis.



S. Aghlara-Fotovat et al.

chloramphenicol and spectinomycin [20], was used for all other bacte-
rial experiments. Freezer aliquots of KDO1 were prepared by growing a
colony in LB Miller broth and the appropriate antibiotics (35 pg/ml
chloramphenicol and 100 pg/mL spectinomycin) to ODgpo—0.5, adding
glycerol to a 15% v/v final concentration, and freezing at —80 °C. All
experiments were performed aerobically.

2.2. Bacterial preparation for encapsulation

Overnight cultures were started from freezer stocks in LB with the
appropriate antibiotics and incubated shaking for 18 h at 250 rpm at
37 °C. Cultures were then diluted 100X into fresh LB with appropriate
antibiotics and incubated shaking at 250 rpm at 37 °C to OD600-0.1.
Cultures were placed on ice to stop cell growth, and the remaining
procedure was performed on ice or at 4 °C. Cultures were transferred
into sterile, ice-cold tubes and centrifuged at 4000 g for 10 min. Cells
were washed once with sterile, ice-cold PBS, to remove traces of LB.
Cells were then concentrated 10X into a 1:19 solution of PBS:alginate
(1.4% wt/vl PRONOVA SLG20 alginate, Novamatrix Product
#4202001, diluted in 0.8% saline). The resulting bacterial alginate
suspension was used as the core solution for the encapsulation proced-
ure. All capsules prepared in this work were formed with a core-shell
structure where bacteria are loaded only into the core, with an
average core radius of 450 pm, such that the capsule core volume is
~0.38 pL. For free cell experiments, the cells were concentrated into a
1:19 solution of PBS:LB rather than PBS:alginate, and 1.9 pL of the
resulting bacterial suspension was used to model the bacterial load of 5
capsules.

2.3. Bacterial encapsulation within alginate hydrogels

The bacterial alginate suspension was prepared as described and
loaded into a 5 mL Luerlock syringe to be used for the capsule core.
Another identical syringe was loaded with SLG20 alginate to be used for
the capsule shell. Alginate hydrogel capsules were synthesized using a
custom-built, two-fluid co-axial electrostatic spraying device. The de-
vice consists of a voltage generator (Gamma High Voltage, 1-
ES10N-5W) attached to the tip of a co-axial needle (Rame-Hart Instru-
ment Co., 10-10-COAXIAL-2218) and grounded to a 1:4 BaCly:mannitol
crosslinking bath. The co-axial needle is fed by the 2 syringes described,
which are placed in 2 separate syringe pumps (Harvard Apparatus,
CAT#704504) and suspended over 150 mL of the crosslinking bath. For
this work, the ratio between the flow rates of the core and shell syringe
was set to 5:14 for a shell thickness of ~0.30 mm. Capsules drop into the
crosslinking bath as they are synthesized, and incubate for 15 min. The
crosslinking bath is then decanted, and capsules are washed 3X with
HEPES buffer.

2.4. Dextran diffusion assays for permeability

Capsule permeability was assayed as described previously [45]. In
summary, alginate solutions were prepared as described above (1.4 wt%
in 0.8% saline). Saturated stock solutions of four different molecular
weights of FITC-dextran were prepared (40 kDa (FD40S, Sigma), 150
kDa (FD150S, Sigma), 500 kDa (FD500S, Sigma) and 2 MDa (FD2000S,
Sigma). Capsules were made for each combination of FITC-dextran and
alginate by mixing 950 pl of the alginate solution with 50 pl of the
FITC-dextran and then electrospraying into a barium chloride cross-
linker. The capsules were crosslinked for 15 min, washed twice with
HEPES buffer and then placed in Krebs buffer on ice to minimize
diffusion until all groups were prepared.

After washing, five capsules were aliquoted into each well of 96-well
plate, rinsed once with Krebs buffer, and then incubated in 150 pl of
Krebs buffer for the duration of the study. For each time point (15 min, 1,
3, 7, and 24 h), 5 replicates were prepared for each capsule group. The
plates were covered with aluminum foil to protect from light and shaken
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on a plate shaker at 300 r.p.m. At the indicated timepoints 50 pl of the
incubation buffer was collected and transferred to a black 96-well plate.
Fluorescence in each well was measured with a Tecan Infinite M Plex
plate reader. Percent retention of FITC was calculated by normalizing to
the theoretical maximum amount of FITC diffusion (using the diameter
of the core, and the known loading concentration). At each timepoint,
the percentage was calculated as one minus percent released.

2.5. Bacterial viability staining

Staining was performed according to the manufacturer’s guidelines
using the LIVE/DEAD® BacLight™ Bacterial viability kit (Thermo
Fisher), with the following modifications to enable assaying encapsu-
lated cells. Staining of the encapsulated cells was performed as follows:
10 capsules per replicate were washed 3X with sterile 0.9% saline,
placed in 1 mL saline, and incubated on ice for 40 min. 5 capsules from
each replicate were removed and processed as described below to
determine the living bacterial concentration (CFU). The remaining 5
capsules were placed into 200 pL saline. The remaining procedure was
performed according to vendor instructions, with the following modi-
fications: the live/dead staining solutions were dissolved in saline, and
the capsules were washed 3X with 1 mL saline prior to imaging due to
high stain absorption by the alginate. The nonliving bacteria were heat-
inactivated by incubation in a water bath at 65-70 °C for 40 min prior to
encapsulation and staining. In parallel, equivalent amounts of free cells
were prepared and stained according to the manufacturer’s guidelines in
order to test each stain (STYO-9 and Propidium Iodide) independently as
an assay control.

2.6. Capsule microscopy

Prior to imaging, capsules were washed 3X and transferred into ~5
mL capsule buffer within a 6-well plate. Dark- and bright-field micro-
scopy was performed using an EVOS at 2X magnification. Fluorescent
microscopy images were obtained using an EVOS XL at 10X magnifi-
cation. For SYTO-9 fluorescence, an excitation/emission wavelength of
480 nm/500 nm was used, and 490 nm/635 nm for propidium iodide
and mCherry fluorescence. Images in this work are representative of 3
replicates for in vitro bacterial experiments and 10 replicates for in vivo
rat experiments.

2.7. Hydrogel capsule processing to release bacteria

Capsules were first processed to release encapsulated bacteria and
enable measurements. Each experimental condition was performed in
triplicate. This procedure was performed on ice or at 4 °C. For each
replicate, 5 capsules were transferred in PBS to sterile round-bottom
tubes. Only 3 samples were processed at a time, to avoid cell over-
exposure to chelating agents. All PBS was aspirated from the capsules
and replaced with 500 pL of 50 mM EDTA (pH 8). Capsules were then
homogenized using an electric homogenizer blade (Fisherbrand 150
Handheld Homogenizer) at speed 3 for 10-20 s until no visible capsule
fragments remain (henceforth, the homogenized capsule sample). The
homogenizer blade is sterilized with 70% EtOH and washed with sterile
water in between samples. Biosensing and viability assays using the
homogenized sample were performed immediately following this pro-
cessing procedure.

2.8. Bacterial viability assays for free and encapsulated cells

To determine the viable bacterial capsule load, the homogenized
capsule sample was vortexed at speed 6 (Scientific Industries, Vortex-
Genie 2) and immediately diluted 20X into PBS. Serial dilutions of the
homogenized capsule sample were prepared in PBS and plated onto LB
agar with appropriate antibiotics and incubated at 37 °C for ~18 h. For
free cells, equal amounts of bacteria were treated similarly with EDTA



S. Aghlara-Fotovat et al.

(as described in Methods 2.7) and diluted in PBS as for the capsule
samples. Bacterial colonies were counted to determine the concentration
(CFU/mL) of the homogenized capsule sample and to calculate the
bacterial capsule load (CFU/capsule).

2.9. Bacterial recovery from stool for free and encapsulated cells

Bacteria were recovered from rat stool as described previously [24].
Briefly, fecal samples were homogenized at 100 mg/mL in sterile PBS for
~5 min. Large debris was pelleted by centrifugation at 4g for 20min, and
serial dilutions of the resulting supernatant were cultured on selective
agar plates for enumeration by colony counting. Each rat fecal pellet was
weighed in order to normalize the total bacterial recovery per milligram
of stool. Capsules were recovered from rat stool by dissolving the fecal
pellet in PBS. Capsules were stored in PBS on ice until analysis. All
capsules were collected and enumerated from each fecal pellet, and 5
were processed to release the encapsulated bacteria (Methods 2.7). The
mean bacterial population of the n = 5 capsules was used to obtain the
total number of bacteria in the pellet, based on the total number of
capsules present in the pellet.

2.10. Bacterial biosensing assays

To determine the response of the biosensing bacteria to thiosulfate,
bacteria were first encapsulated as described. Five capsules in capsule
buffer were then aliquoted into wells in a sterile 96-well plate. Capsule
buffer was aspirated from each well and replaced with 200 pL of M9 +
glycerol (1X M9 salts, 0.4% v/v glycerol, 0.2% casamino acids, 2 mM
MgSOg4, and 100 pM CaCly) at varying concentrations of sodium thio-
sulfate pentahydrate (Sigma Aldrich). For free cell experiments, bacte-
rial suspensions were prepared as described to model the bacterial
alginate suspension, and 1.9 pL of bacterial suspension was used to
inoculate each well. The 96-well plate was incubated stationary at 37 °C
for 6 h and then placed in an ice water bath to stop cell growth. The
remaining procedure was performed on ice or at 4 °C. Capsules were
processed as described. The homogenized samples were passed through
Bel-Art SP Scienceware Flowmi 40 pm cell strainers (Fisher Scientific) to
remove solids. The filtered samples were then diluted 10X into PBS +1
mg/ml chloramphenicol and incubated for 15 min at 37C prior to flow
cytometry analysis. For free cell experiments, 1.9 pL of the final exper-
imental culture was added to 500 pL EDTA and diluted into PBS +1 mg/
ml chloramphenicol as for the capsule samples. Reported fluorescence
values are not corrected for cellular autofluorescence.

2.11. Flow cytometry and data analysis

Flow cytometry analysis was performed on a BD FACScan flow cy-
tometer with a blue (488 nm, 30 mW) and yellow (561 nm, 50 mW)
laser. Fluorescence was measured on two channels: FL1 with a 510/20-
nm emission filter (sfGFP), and FL3 with a 650-nm long-pass filter
(mCherry). For data acquisition, events were thresholded by an SSC
scatter profile characteristic of E. coli Nissle 1917. Cells were further
thresholded in the FL3 channel, to ignore counts with low mCherry-like
fluorescence. These non-fluorescent counts include alginate micro-
fragments remaining after capsule homogenization, and native micro-
flora from the rat GI tract. Typical event rates were between 1000 and
2000 events per second for a total of 20,000 events within the gated
population. For in vivo experiments, data were collected for 5 min or for
20,000 counts within the gated population, whichever came first. Cali-
bration particles (Spherotech, catalog RCP-30-20A) were run at the end
of every experiment at the same photomultiplier tube voltage gain set-
tings used for data collection. Following data acquisition, raw data were
processed using FlowCal [46]. First, a standard curve was generated
from the calibration beads to convert arbitrary units from the cytometer
into absolute fluorescence units (MEFL for FL1 and MECY for FL3).
Counts with an mCherry fluorescence value lower than 5000 MECY were
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discarded in order to discriminate between engineered bacteria and
alginate micro-fragments or native stool microflora. Remaining counts
were gated by an FSC/SSC scatter profile characteristic of E. coli Nissle
1917. Density gating was applied to retain 50% of the events in the
densest region and isolate the main population. This data analysis
pipeline is summarized visually in Fig. S4. Samples giving fewer than
250 counts by these gating procedures were discarded. Overall, capsules
retrieved from DSS-treated rats gave more counts/sample than those
retrieved from rats prior to DSS treatment.

2.12. Dextran sodium sulfate rat experiments

All animal studies were performed in accordance with guidelines
established by the Animal Welfare Committee. Sprague Dawley rats
were weighed on day 0, prior to any manipulation. Stool was collected
and checked for occult blood (Thermo Fisher, Hemoccult 60151). Cap-
sules were administered via oral gavage (Instech, FTPU-13-88-50) and
retrieved from stool samples of healthy rats at this stage. To establish
intestinal inflammation, rats were provided drinking water with 3-5%
wt/v dextran sulfate sodium for 12 days (Thermo Fisher, J63606.22).
The body weight, stool consistency and presence of gross bleeding or
occult blood in feces for each animal were scored daily from O to 4. The
score in each category was summed to determine the animals overall
disease activity index (DAI); no weight loss, normal stool consistency,
negative hemoccult: 0; 1-5% weight loss, positive hemoccult but no
visible blood, loose/soft stools: 1; 5-10% weight loss, positive hemoc-
cult with visual pellet bleeding, very soft stools: 2; 10-15% weight loss,
blood around the rectum/prolapse, watery stools: 3.15-20% weight
loss, gross bleeding, and diarrhea:4. After 12 days rats were dosed with
2 mL of encapsulated bacteria in 5 ml of PBS containing 10% wt/v so-
dium bicarbonate via oral gavage. Ten to 12 h following gavage, rats
were separated, and fecal samples were collected, capsules were
retrieved, and transferred to PBS on ice.

2.13. Stool sample preparation

Stool samples were collected from each rat prior to DSS adminis-
tration and again after 12 days of DSS administration. Stools were dis-
solved in PBS, and a minimum of 10 capsules were retrieved from each
of 3 separate stool samples from each rat. For each of the 3 stool repli-
cates, 5 capsules were homogenized and processed as described for the
bacterial biosensing assays. The remaining capsules were imaged to
qualitatively assess capsule integrity following passage through the rat
GI tract. From the 3 homogenized capsule samples for each rat, 1 was
plated as described for the bacterial viability assays. The 3 homogenized
capsule samples were processed for flow cytometry as described previ-
ously in the biosensing assays.

2.14. Intestinal sample preparation

At the time of sacrifice, the colon was separated from the cecum and
rectum at the distal and proximal ends respectively. The contents of the
colon were subsequently rinsed out with 10 mL of ice-cold PBS via
polyurethane gavage tubing inserted into the distal end of the colon. The
colon was then cut longitudinally along the mesenteric line and rinsed in
a Petri dish containing ice cold PBS as described previously [47]. With
the luminal side facing upwards, the colon was swiss rolled against a
wooden stick beginning with the proximal end. The rolled colon was
placed in a tissue cassette and stored in 10% formalin for 24 h. Then, the
cassettes were transferred to 70% ethanol for at least 24 h and later
processed for sectioning and H&E staining (Baylor College of Medicine
Histology Core).

2.15. Transfer function modeling and parameter estimation

The transfer functions were obtained by fitting the fluorescence
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values at each ligand concentration to the Hill equation, F = A + B/(1 +
(k1/2/1)", using the LmFit python package for non-linear least-squares
minimization and curve-fitting [48]. Here, F is the fluorescence at a
given ligand concentration L, k;,2 is the concentration of ligand that
elicits a half-maximal response, n is the Hill coefficient, A is the fit of the
minimum response with no ligand, and B is the fit of the maximum
response at saturating ligand concentration. All transfer functions were
measured for 3 independent biological replicates. Datasets from each
replicate were fit independently. The 95% confidence intervals of fit
parameter values were calculated using the conf interval function in
LmFit, which executes the F-test. Fit parameters for all experiments in
this study are shown in Table S1. The dynamic range was measured as
the ratio between the maximal and minimal response.
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2.16. Statistics and data analysis

Statistical analysis was performed using the SciPy python package
[49] and data was visualized using the Seaborne python package [50].
Equal sample variance was assumed for all datasets where variances
were within a twofold magnitude of one another. The Shapiro-Wilk test
for normality was administered to the data for each pre- and post-DSS
comparison. Any comparison for a non-normal distribution was per-
formed with the non-parametric Mann-Whitney U test. For in vivo
studies, correlation was evaluated using the Pearson correlation coeffi-
cient to measure the linear relationship between bacterial fluorescence
and rat DAI. The corresponding p-values were calculated assuming a
normal distribution. Some data was visualized using GraphPad Prism.
Flow cytometry scatter plots were visualized using FlowCal [46].
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Fig. 2. Fabrication and characterization of alginate capsules. a) Schematic illustration of capsule synthesis. b) Chemical structure of alginic acid depicting
associated pKa of each monomers’ carboxylic acid. ¢) Capsule diameter as a factor of electrospray voltage. Each data point represents the diameter of one capsule.
The blue columns and error bars represent the mean and SD, respectively, of 10 technical replicates collected on the same day. d) Capsule permeability to different
molecular weight dextran over 24 h. Each data point represents the dextran diffusion from one capsule. The blue columns and error bars represent the mean and SD,
respectively, of 5 technical replicates collected over the span of one day. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)
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Schematics were created with BioRender and Adobe Illustrator.
3. Results

3.1. Development of a bacterial encapsulation platform that preserves cell
viability

For the development of our encapsulation platform, we first identi-
fied a biocompatible polymer and approach for containment of the
bacteria. Specifically, we utilized a two-fluid co-axial electrostatic
spraying device [51] to synthesize core-shell capsules wherein bacteria
are loaded only into the core (Fig. 2a). The material selected was algi-
nate, which when gelled has a pore size large enough to enable nutrient
exchange between the encapsulated bacteria and the surrounding
environment outside the capsule. Furthermore, alginate exhibits unique
pH-sensitive behavior that has established the material as an
acid-resistant drug carrier [52]. The polymer’s chemical structure in-
cludes guluronic and mannuronic acid [53], which have pKa values of
3.38 and 3.65, respectively (Fig. 2b). Alginate increases in viscosity at
low pH due to intramolecular hydrogen bonds that form after the car-
boxylic acid groups are protonated [54]. This pH-dependent behavior
enables alginate hydrogels to protect encapsulated payloads in low pH
environments, including simulated gastric fluid (SGF).

Different characteristics of the hydrogels were optimized to develop
an improved system for bacterial delivery, including crosslinking bath,
hydrogel size, and shell thickness. For gelation, we selected an ionic
crosslinking approach due to its improved safety profile over covalent
crosslinkers [55]. Specifically, barium-mediated crosslinking has been
shown to form hydrogels with high structural stability. In addition, we
have previously demonstrated hydrogel stability in various inflamma-
tory conditions [56-58], thus, we chose barium chloride for the fabri-
cation of our capsules. This encapsulation platform permits highly
reproducible tuning of structural properties like hydrogel size, which
can be reliably adjusted by modulating voltage (Fig. 2c). For this work,
we selected capsule diameters of 1.5 mm to match the maximum
gastrointestinal clearance size of rats, previously reported to be up to 2
mm [59]. A voltage of 5.7 V was found to produce 1.5 mm capsules most
consistently (Standard deviation = +54.2 pm). The shell thickness can
be modified by modulating the core and shell flow rate ratios. Shell
thickness is an important property that enables various degrees of sep-
aration of the encapsulated cells from the host. For this work, we used a
ratio of 5:14 resulting in a core radius of 0.6 mm and a shell thickness of
approximately 0.3 mm (Fig. S1). This capsule configuration results in a
dense and homogenous capsule core, and further separates the engi-
neered bacterial strain from direct contact with the host upon delivery.
We assayed the permeability of our hydrogels using dextran diffusion
and found that >80% of molecules greater than 500 kDa are retained
over the course of 24 h (Fig. 2d). As intended, this pore size is large
enough to be suitable for the size-restricted diffusion of small molecules
and small enough to contain bacteria which have an approximate length
of 1 pm. We hypothesized that these benefits would enable the exchange
of nutrients and biomarkers between the encapsulated cells and their
surrounding environment, as well as bacterial growth and physiological
activity.

For microbiological analyses of encapsulated bacteria, including
plating for live cell counting, and flow cytometry, encapsulated mi-
crobes need to be released from the gels. To achieve this, we developed a
biocompatible method to free bacteria from the polymer matrix. We first
exposed the capsules to a chelating agent, and subsequently physically
homogenized the gels to disrupt the polymer. We added the metal
chelator EDTA to disrupt barium crosslinks and reverse gelling, allowing
for gentler mechanical disruption to be used [60]. The use of EDTA
during homogenization improved the retrieval of encapsulated bacteria
compared to PBS (Fig. S2a). The duration and temperature of cell
retrieval was optimized such that cell viability was minimally affected
and consistent among samples (Fig. S2b). The use of physical
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homogenization to improve hydrogel deterioration did not affect the
viability of free cells (Fig. S2c).

Using the above method, we next assessed the viability of Nissle
within the capsules using Syto-9 and propidium iodide cell stains. Living
bacteria are stained only by SYTO-9, while non-living bacteria are
stained by both SYTO-9 and propidium iodide. We confirmed proper
staining of live and dead cells using heat killing of unencapsulated
bacterial controls (Fig. S3a). Fluorescence microscopy of the hydrogels
revealed that a majority of encapsulated bacteria remained viable, as
demonstrated by the lack of red fluorescence in living cells, and CFU
counts compared to heat killed controls (Fig. 3a, Fig. S3b). To quanti-
tatively assess loss of bacteria upon encapsulation, we plated the bac-
teria and counted colony-forming units (CFU) of capsule volume prior to
and after encapsulation (Fig. 3b). Bacterial viability prior to and
following encapsulation was not significantly different (p = 0.715)
Specifically, an average of 1.27 x 10° CFU were loaded into each
capsule, and an average of 1.49 x 10° CFU were retrieved from each
capsule after encapsulation.

We next explored bacterial growth within the capsules at different
phases to enable identification of an optimal loading density. First, we
grew Nissle cultures to an optical density at 600 nm (ODggg) of either 0.1
or 1 for encapsulation. Bacteria were then washed with PBS to remove
media traces and concentrated 10X into a 1:19 solution of PBS:alginate,
as described in Methods 2.2. The bacteria were then encapsulated as
described in Methods 2.3. After encapsulation, a subset of capsules were
imaged via previously established darkfield microscopy methods that
enhance the contrast of the hydrogel boundary to the encapsulated
bacteria [61]. Representative images of blank capsules and capsules
loaded with bacteria at different optical densities, as well as blank
capsules, demonstrate increased capsule core opacity as a function of
loading density (Fig. 3c). We then characterized the growth of bacteria
encapsulated at different phases by dissociating the gels and counting
CFU at 0, 4, 8, 24, and 48 h (Fig. 3d). Bacteria encapsulated during
exponential phase (ODggo = 0.1) exhibit a longer period of growth than
those encapsulated closer to stationary phase (ODgog = 1). It is believed
that the stability and robustness of engineered bacterial circuits is higher
during exponential growth phase where continuous growth enables a
steady state of biochemical reaction rates. For example, some sensors
grown into stationary phase exhibit increased basal activity (leakiness)
compared to exponential phase [62]. Inside the restricted microenvi-
ronment, bacteria reached an average population capacity of 2.38 x 107
+1.19 x 107 CFU/capsule regardless of initial growth state at the time
of encapsulation. These results highlight the ability of the capsules to
restrict total bacterial growth, which serves as a function of this platform
in regulating bacterial delivery. Over the course of growth, the bacteria
encapsulated at ODggo 0.1 were fixed and stained with DAPI at 0-, 8-,
and 24-h following encapsulation and imaged via confocal microscopy
(Fig. 3e), illustrating that the capsule microenvironment permits cell
growth. To deliver engineered bacteria to the animal gut, bacteria were
hereafter encapsulated at ODggp = 0.1 to best maintain near-steady state
conditions and prevent loss-of-function during transport through the
gastrointestinal tract (8-10 h for the rat model used in this work).

3.2. Engineered thiosulfate sensing occurs robustly in capsules

To evaluate whether encapsulation affects biosensor performance,
we examined the response of a previously engineered E. coli strain
designed to express superfolder green fluorescent protein (sfGFP) in the
presence of extracellular thiosulfate [20] (Fig. 4a). This strain is also
engineered to express high levels of the red fluorescent protein mCherry
in a constitutive manner to facilitate differentiation from native gut
bacteria. To this end we compared the transfer function, or quantitative
relationship between thiosulfate concentration and sfGFP fluorescence,
of non-encapsulated (free) vs. encapsulated versions of this strain. To
evaluate fluorescence of encapsulated microbes, bacteria were freed
from the hydrogels via EDTA chemical chelation and mechanical
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disruption via electric homogenizer as described above. They were then
processed as described in Methods 2.8-2.9 for analysis via flow
cytometry (Fig. S4). We found strong quantitative correspondence be-
tween the thiosulfate responses of the free and encapsulated cells, and
no statistical significance between the response of each group indicating
that sensor function is preserved after encapsulation (Fig. 4b, Table S1).
Furthermore, constitutive mCherry expression was unaffected by both
thiosulfate concentration and encapsulation (Fig. S5). Finally, we
confirmed that the addition of 5% DSS to the bacterial growth media did
not impact the thiosulfate response in capsules (Fig. S6). Based on these
results, we determined that our encapsulated thiosulfate-sensing E. coli
can likely be used to evaluate DSS-induced colitis in vivo.

3.3. Encapsulated bacteria robustly survive passage through the rodent
gastrointestinal tract

The gastrointestinal environment has extremities that may reduce
bacterial viability in vivo. To predict the survival of our encapsulated
bacteria upon oral administration, we examined the ability of our cap-
sules to protect bacteria at the acidic pH levels of the stomach in vitro. In
particular, we incubated encapsulated bacteria in media buffered to pH
= 3.2 with hydrochloric acid (HCI), which is the acidic component of
gastrointestinal (GI) fluid [63]. We incubated approximately 1.6 x 10°
CFU of free and encapsulated bacteria at 37 °C in the acidified media for
2 and 6 h and measured their viability via CFU. Free bacteria demon-
strated significantly lower viability at both 2 h (0.04%), and 6 h (0%)



S. Aghlara-Fotovat et al.

a b

Biomaterials 301 (2023) 122246

107
I Free Cells .
106} = Encapsulated Cells % Encapsulated bacteria Image retrieved capsules
10°F ®% - v @ e
e 3 — @
o 10°F Wistar L/)/ : P
O 103 : % \} l
102 > s Y =
8-10 hours & N ((2oe2)
10° . e a =
ND 2 hours 6 hours Retrieve bacteria to assay
Time in 3.2 pH media for viability
€ d
o 1 08k
? [ °2
& —
O 105 oo
=5 : 8
5 -
10°r ;
10° , , ) WS
Priorto  Recovered Prior to Gavage
Gavage  From Stool

Fig. 5. Encapsulation preserves bacterial viability in the rat GI tract. a) Encapsulated bacteria survive in acidic conditions. Each data point represents the CFU
retrieved from one capsule or one capsule core volume of free bacteria. Columns and error bars represent the mean and SD, respectively, of 3 biological replicates
collected on the same day. b) Schematic illustration of capsule delivery, retrieval, and post-collection processing. ¢) Bacterial viability (CFU) within capsules prior to
oral administration (n = 3, mean + SEM) and following retrieval from stool samples (n = 10, mean + SEM) d) Representative darkfield images of encapsulated
bacteria prior to gavage and following retrieval from stool samples. Images are representative of all capsules retrieved (between 1 and 2 mL capsule volume).

(Fig. 5a). Meanwhile, encapsulated bacteria had a 46-fold higher
percent of viable bacteria at each time point (1.84% and 0.07% at 2 and
6 h respectively) compared to free bacteria. Darkfield microscopy of the
gels revealed that this acidic pH treatment has minimal impact on
capsule integrity (Fig. S7a). These results suggest that encapsulation
may increase the viability of engineered bacteria passing through the
stomach.

To examine whether these results were sustained in vivo, we deliv-
ered equal amounts of free or encapsulated biosensor bacteria to healthy
rats (Fig. 5b). Encapsulation protected bacteria against low pH in vitro,
but the in vivo stomach and intestinal environments introduce additional
challenges to survival that cannot be completely modeled in vitro. To
help address these challenges, we evaluated delivery of bacteria in PBS
as well as sodium bicarbonate gavage buffer, which has been used
previously to improve the viability of living cells delivered to the animal
gut [64].

First, we investigated the transit time through the rat GI tract
(Fig. S8a&b). We found that bacterial recovery from the stool was
highest and most consistent for both capsules and free bacteria at 10 h
following administration irrespective of gavage buffer. On average, out
of the approximately 840 capsules delivered, 43 were recovered for PBS,
and 81 were recovered for sodium bicarbonate at this time point. All
subsequent experiments were therefore performed by retrieving stool
samples at this timepoint. We then compared the recovery of viable
bacteria from the rat stool, as measured by CFU per milligram of stool
(Fig. S9a). Compared to free cells delivered in the same gavage buffer,

we evaluated a 65-fold higher bacterial recovery from rats gavaged with
capsules in sodium bicarbonate buffer, and 51-fold higher for those
gavaged in only PBS. This suggests that while encapsulation alone can
improve bacterial recovery, delivery in sodium bicarbonate can be used
to further improve viability. Retrieval of diagnostic bacteria was also
enhanced when using encapsulation due to the visibility of the spheres
after PBS dissolution (Fig. S9b). In addition, the bacterial extraction
protocol for capsules is more rapid than that for free bacteria directly
from stool (Methods 2.9). Irrespective of gavage buffer, capsule
morphology remained structurally similar after passage through the
animal gut, suggesting that the harsh GI environments are tolerated by
alginate hydrogels (Fig. S10a).

Finally, we compared the average bacterial population within cap-
sules prior to and following passage through the rat gut (Fig. 5c). Cap-
sules retrieved from the stool contained more bacteria on average when
gavaged with sodium bicarbonate, indicating that encapsulated bacteria
not only survive but grow during passage through the GI tract. This
phenomenon was not observed when capsules were delivered in PBS or
saline (Fig. S10b). The increased bacterial density of capsules gavaged
with sodium bicarbonate is visible via darkfield microscopy (Fig. 5d).
Capsule cores recovered from stool are visibly more opaque than those
imaged prior to gavage. This increase in viability and sample retention
enabled the administration of significantly fewer (100x) bacteria per
gram body weight than described in previous studies (approximately
10° CFU/g in mice vs. 107 CFU/g in rats for this study) and demon-
strated increased efficiency in diagnostic capabilities through the use of
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our platform [20].
3.4. Encapsulated bacteria diagnose DSS-induced colitis

Healthy animals should have minimal levels of local thiosulfate and
thus, encapsulated cells should have only basal expression of the sfGFP
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retrieved from fresh fecal pellets and processed for flow cytometry as
described previously. Flow analysis demonstrated that mean fluores-
cence intensity of encapsulated ThsSR retrieved from healthy animals
did not have a significant increase in sfGFP expression compared to
baseline, confirming that the sensor strain is sensitive to its biomarker in
vivo (Fig. 6b).

The dextran sulfate sodium (DSS)-induced colitis model is a widely
accepted model for establishment of inflammatory bowel disease. To
determine the success of our encapsulated biosensor platform in diag-
nosing the extent of disease progression in this model, we treated rats (n
= 10) with DSS in their drinking water for 12 days (Fig. 6a). Throughout

reporter. To evaluate whether any changes in sfGFP expression occur in
healthy animals, prior to disease development, encapsulated bacteria
administered in sodium bicarbonate were evaluated for fluorescent
expression (Fig. 6a). Specifically, 2 mL of encapsulated ThsSR were
orally gavaged to rats (n = 10). The following day, capsules were
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Fig. 6. Encapsulated bacteria diagnose colitis in a rat DSS model. a) Timeline of disease development, capsule dosing, and sample processing. b) sfGFP
expression of encapsulated ThsSR sensor bacteria retrieved from fecal samples prior to and after treatment with DSS. Each data point represents the mean fluo-
rescence of 3 technical replicates collected from each rat. Each technical replicate represents the geometric mean fluorescence of cells collected from 5 capsules
(mean + SEM). c) sfGFP expression of encapsulated ThsSR sensor bacteria correlates positively with animal DAL Each data point represents the mean fluorescence of
3 technical replicates collected from each rat. d) Representative histological sections from rats with varying degrees of inflammation and different DAL 5 images were
acquired per rat. Rats were sacrificed at day 11 and colon sections were processed. At this point, rats had reached different final DAI states.
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this time, the disease activity index (DAI) of each rat was reported based
on changes in body weight (Fig. S11a), presence of occult blood in the
stool, and stool consistency. The index is used to assess the degree of GI
disruption. Here, we saw variable increases in DAI score across animals
in response to DSS treatment, with the average DAI score across animals
reaching 5.5+1.3 by day 12 (Fig. S11b). After 12 days of DSS treatment,
encapsulated thiosulfate sensing bacteria were delivered to each rat via
oral gavage. The following day, gels were retrieved from the stool and
processed. Spleens from each animal were also collected and weighed
(Fig. S11c).

Following capsule retrieval, we analyzed our engineered bacteria by
flow cytometry. Cells were gated by an FSC/SSC scatter profile charac-
teristic of Nissle, discarding counts with an mCherry fluorescence value
lower than 5000 MECY, in order to isolate only the engineered ThsSR
Nissle for analysis. Bacterial samples with fewer than 250 cells following
gating by these criteria were discarded (Fig. S12a). Overall, our high
sample retention suggests that encapsulation could improve the confi-
dence of diagnosis compared to the use of free cells, by producing more
tractable samples.

Consistent with our prior results with free bacteria, we observed
strong ThsSR activation following DSS treatment as compared to pre-
DSS, demonstrated by significant increases in sfGFP expression
(Fig. 6b). We found that sfGFP fluorescence levels correlate linearly with
DAI at the time of capsule administration (Fig. 6¢), suggesting the ability
of our platform to be used as a means of measuring disease onset and
progression. In addition to DAI, disease extent was characterized via
histological sectioning and H&E staining of GI tissue (Fig. S13). At the
study endpoint, the colon of each rat was excised and sectioned, and
imaged. Representative images of intestinal sections from rats with low
(3) and high (7) DAI scores are shown, depicting a relationship between
DAI score and visible degree of epithelial damage (Fig. 6d). Together
these results demonstrate that ThsSR activation in vivo correlated with
disease progression as measured by multiple metrics, including a visual
assessment of physical tissue damage.

4. Discussion

In this study, a platform was established to improve the delivery and
retrieval of engineered metabolite-sensing bacteria to and from the an-
imal gastrointestinal tract. Specifically, genetically engineered bacterial
biosensors were encapsulated in a hydrogel matrix and deployed in an
animal model of gut inflammation where they sensed and responded to
an internal disease state. This technology has the potential to address
current drawbacks in diagnosis of gastrointestinal inflammation and
may significantly improve quality of life for affected patients.

Since the approval of natural probiotics in the food industry, re-
searchers have focused on the use of these bacteria for various
biomedical applications such as cancer, diabetes, and IBD [65-67]. Oral
delivery is the most convenient and widely used method for the
administration of natural and engineered probiotics to patients. How-
ever, the low pH in the gastrointestinal environment can negatively
affect bacterial viability. Therefore, encapsulation of bacteria within a
protective matrix could improve bacterial viability in vivo. Recently,
polymer-based encapsulation has been applied to many engineered
microbial biosensors including a heavy-metal sensing strain [68], an
L-lactate biosensing strain [69], and an autoinducer responsive strain
[65] for improved containment and viability in harsh environmental or
in vitro applications. However, this technique can be similarly applied to
biosensors engineered for detection of disease biomarkers in vivo.
Several such biosensors have been developed including a nitric oxide
sensing strain [66], as well as thiosulfate and tetrathionate sensors
developed previously by our group and others [20,67]. However, to our
knowledge, no previous research has directly measured the survival of
encapsulated biosensor bacteria upon retrieval in a mammalian model.
The majority of therapeutic and diagnostic bacterial systems developed
to date have been tested primarily in in vitro digestion models that are
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unable to accurately simulate the animal GI tract [37]. Here, macroscale
alginate capsules were generated to both improve viability of orally
delivered biosensor bacteria, and to localize bacteria into concentrated
particles, thereby improving sample recovery from stool and providing a
more suitable alternative for the delivery of diagnostic bacteria.

Diagnostic tools are essential in the care of patients with inflamma-
tory diseases such as IBD. In this disease, patients who experience delays
between symptom onset and diagnosis are at increased risk of emer-
gency surgery and more likely to require colectomy [70-77]. Thus, the
development of reliable, non-invasive diagnostic tools could result in a
significant improvement in disease management and quality of life for
patients suffering from IBD and other chronic illnesses [78]. Impor-
tantly, this platform can be readily translated to the clinic. Both the
hydrogel formulation, and the bacterial chassis are currently approved
for human use in several countries (NCT05538624, NCT04541628,
NCT04787276, NCT02276508). Furthermore, given the flexibility of
bacterial engineering, future iterations of this platform could explore
multiplexing for generation of more informed diagnostics capable of
detecting multiple biomarkers. This would provide comprehensive
insight into the gut microenvironment and individual disease state.
Moreover, delivery of a closed loop system whereby biomarker recog-
nition initiates the production of therapeutic proteins is enabled by this
platform. Such a design would present an alternative to the current
standard of care which involves an intensive regimen of intravenously
administered corticosteroids [79] (NCT05587673), or chronic immu-
nosuppression [80-83].

In conclusion, our platform will support progress towards the
improved administration, safety, and retrieval of engineered probiotic
bacteria for diagnostic applications. Additionally, the innovations pre-
sented herein will improve the generalizability and application of syn-
thetic biology approaches for human health. Living microbial
diagnostics that can detect inflammation in situ could overcome many
challenges associated with the current standard of care for IBD. In
addition to IBD, the mammalian colon is an important target for many
other localized and systemic conditions. The human metabolism, im-
mune, and brain function are all affected by gut processes, which are
orchestrated in part by metabolic and signaling interactions among host
cells and the resident microbiota [7, 84-86]. Overall, dysbiosis in the gut
microbiome is tied to many aspects of human health, and encapsulation
of genetically engineered sensor bacteria has untapped potential as a
tool to analyze, target, and treat this dynamic and inaccessible
microenvironment.
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