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GUT BIOREACTOR AND METHODS FOR
MAKING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation Serial No. 63/014,430, filed on Apr. 23, 2020, the
contents of which are incorporated herein by reference.

Cross-reference is made to U.S. application Ser. No.
17/239,322, filed Apr. 23, 2021, titled “METHODS FOR
CREATING THREE DIMENSIONAL BIOSYNTHETIC
TISSUE,” now U.S. Patent Application Publication No.
2021/0330864. Cross-reference is made to U.S. Application
Ser. No. 17/239,100, filed Apr. 23, 2021, titled “VERY
LARGE SCALE INTEGRATION FOR FIBERS (VL SI-
Fi),” now U.S. Patent Application Publication No. 2021/
0333131. The contents of each of these applications are
incorporated herein by reference in their entireties. Neither
of these cross-referenced applications is admitted to be prior
art with respect to present application by its mention in the
cross-reference section.

BACKGROUND

Over the past decade, advances in molecular biology and
bioinformatics have revealed that plants and animals across
the tree of life engage in symbiotic relationships with
hyper-diverse microbiomes (Costello et al. 2009, Lundberg
et al. 2012, and Xiao et al. 2015). In fact, humans are
colonized by trillions of bacteria that collectively make up a
microbiome. Diet, genetics, ethnicity, and immune status
contribute to the abundance, diversity, and activity of host
microbiomes (Findley et al. 2016, Lloyd-Price et al. 2016,
and Brooks et al. 2018). However, even among closely
related individuals with similar lifestyles, microbiome com-
position can be quite distinct (Turnbaugh et al. 2009, Goo-
drich et al. 2014).

Many of these microorganisms have a beneficial effect on
host fitness. More than 1,000 species of bacteria reside in the
colon where they aid in digestion, reduce “leaky gut”, and
synthesize essential vitamins while regulating the produc-
tion of hormones and neurotransmitters. However, micro-
biomes are also implicated in a wide range of disorders and
diseases (Cho and Blaser 2012, Shreiner et al. 2015) that
negatively influence host health and fitness. Gut micro-
biomes have also been implicated in the rise of non-com-
municable diseases, e.g. irritable bowel syndrome. Owing to
societal shifts in nutrition and overuse of antibiotics, altered
microbiomes may contribute to the prevalence of allergies,
asthma, inflammation, diabetes, and anxiety. Observational
studies often report correlations between gut microbiome
composition and the behavior, diet, and age of hosts. Such
findings raise questions about whether there are general
rules, theories, or frameworks that can help predict and
manage the structure, function, and stability of gut micro-
biomes (Pepper and Rosenfeld 2012, Bucci and Xavier
2014, Reese and Dunn 2018).

The mechanisms underlying microbiome effects on host
performance and fitness remain unclear and deciphering
interactions and emergent phenomena is one of the greatest
challenges facing microbiome science. A common approach
is to interpret fecal samples as integrators of gut complexity
and rely on epidemiological inference to gain insight into
relationships between microbiomes and their host (e.g.,
Huttenhower et al. 2012). More mechanistic insight can be
gained from in vivo models (e.g., mouse) where it is easier
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to control for host attributes (diet, genetics, environment),
but organismal constraints and individual-level variation
still interferes with a first-principles understanding of gut
microbiome functioning. To address these shortcomings and
complement “top down” approaches, a number of in vitro
models have been used to tease apart eco-evolutionary
interactions among microbes in gut-like habitats (Minekus
2005). For example, the simulated human intestinal micro-
bial ecosystem (SHIME) consists of a five-step multi-cham-
ber reactor (Molly et al. 1993). While it allows for different
microbial inocula and embraces fluctuations in environmen-
tal conditions (Van de Wiele et al. 2015), SHIME lacks
microscale features that are typical of mammalian guts
(Donaldson et al. 2016) and its large size (>5 L) limits
replication and experimental design. An entirely different in
vitro approach is centered around “gut on a chip” technology
where human epithelial cells are coated onto porous flexible
membranes (Bein et al. 2018). Nanoliter to microliter oper-
ating volumes ensure laminar flow making the chip-models
desirable for drug development (Hidalgo et al. 1989), but
they have also revealed connections between mechanical
deformation and bacterial overgrowth (Kim et al. 2016), a
problem that arises in ileus patients where peristalsis is
disrupted. While the chip technology represents a major
bioengineering feat, current models only support a small
number of bacterial species (<10) for a few days (Kim et al.
2016, Shah et al. 2016), suggesting that gut-on-a-chip mod-
els may not be best suited for tackling ecological and
evolutionary questions about microbial communities at the
whole-organ scale. As such, carefully controlled and prop-
erly replicated experimental studies testing theoretically
grounded predictions are needed to establish a foundation
that links microbiome dynamics to the nutrition and physical
features of the mammalian gut.

In light of the above, a systems-level approach that
focuses on fundamental ecological and evolutionary pro-
cesses that influence the structure of multispecies microbial
communities is desirable. In particular, integrated physical
and computational models with living tissue and microscale
biosensing and biofunctionalization that facilitates better
information on interactions at the cellular level, while
decreasing the drawbacks of microfluidics or animal studies
is required.

SUMMARY

In one aspect, the disclosure provides a bioreactor com-
prising a cylindrical body formed to include a reactor region
therein, a first member, and a second member. In some
aspects, the first member extends into the reactor region a
first distance. In some embodiments, the first member is
formed to include a plurality of protuberances that extend
from a surface of the first member into the reactor region.

In some embodiments, the second member located spaced
apart from the first member and extends into the reactor
region a second distance. In some embodiments, the second
distance is generally less than the first distance of the first
member. In some embodiments, the second member is
formed to include a plurality of protuberances that extend
from a surface of the second member into the reactor region.

In some embodiments, the first member and the second
member cooperate to form a crypt region located between a
portion of the protuberances from the first member and a
portion of the protuberances of the second member.
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In another aspect, the disclosure provides a method for
forming a gut bioreactor.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates the complexities associated with the gut
microbiome;

FIG. 2 shows how residence time (volume/flow rate)
influences microbial communities;

FIGS. 3A-C show 3D models of gut sections FIG. 3A and
FIG. 3B using computer-aided design (CAD) and FIG. 3C
shows a prototype of a 3-D printed model;

FIG. 4 shows colon epithelial cells grown on top of a
feeder fibroblast layer in the MimEX system (from Bio-
techne) and the formation of microvilli-like features;

FIGS. 5A-C represents an overview of fiber technology in
gut bioreactors. FIG. 5A shows fibers are fed through the
print head nozzle with bioink as the base for the 3-D
construct of the reactor. FIG. 5B shows flow of microor-
ganisms (Q) through the gut volume (V) with embedded
fibers in the encoded villi (®@). FIG. 5C shows biofunctional
and biosensing fibers are drawn at high temperature from a
rod composed of a variety of functional materials. During
draw process, the cross-sectional area of the rod or preform
will be preserved, allowing for radial arrangement control of
the fiber. Using a post-processing method initiating capillary
instability in the core of the fiber by controlled heat, the axial
direction can be manipulated to transformed linear cores into
periodic spheres;

FIG. 6A shows, a size distribution of villi: crypt depth for
small intestine biopsies in 1,345 celiac patients. FIG. 6B
shows that Villi: crypt ratios reflect loss of microscale
complexity due to disease severity (reproduced from Murray
et al. (2017));

FIG. 7 is a perspective view of a gut bioreactor;

FIG. 8 is an overhead view of the gut bioreactor of FIG.
7,

FIG. 9 is a sectional view taken along line 9-9 of FIG. 8;

FIG. 10 is a sectional view taken along line 10-10 of FIG.
8;

FIG. 11 is an enlarged view of a portion of FIG. 8;

FIG. 12 is an exploded assembly view of another embodi-
ment of a gut bioreactor;

FIG. 13 is a perspective view of a reactor strip of the gut
bioreactor of FIG. 12;

FIG. 14 is a perspective view of another embodiment of
a gut bioreactor;

FIG. 15 is an overhead view of the gut bioreactor of FIG.
14;

FIG. 16 is a sectional view taken along line 16-16 of FIG.
15;

FIG. 17 is an enlarged view of FIG. 15;

FIG. 18 is a perspective view of a gut bioreactor including
openings for a multimaterial fiber;

FIG. 19 is an overhead view of the gut bioreactor of FIG.
18;

FIG. 20 is a perspective view of a nozzle for use in
printing gut bioreactors comprising multimaterial fibers;

FIG. 21 is an overhead view of the nozzle of FIG. 20; and

FIG. 22 is a sectional view taken along line 22-22 of FIG.
21.

DETAILED DESCRIPTION

The current disclosure outlines models of the gut micro-
biome. The present disclosure generates insight into physi-
cal and nutritional factors that underlie gastrointestinal and
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cognitive disorders, which can be triggered by stressors such
as diet intake, under nutrition, and environmental extremes.

The present disclosure provides a methodology for cre-
ating biosynthetic tissue, for example a gut model. This
methodology allows the elucidation of critical elements of
gut complexity using a combination including theory,
3D-printed bioreactors, and experimental evolution. The
modeling framework described herein provides a platform
for exploring the physical complexity of flowing environ-
ments and the diversity of microbial systems. The following
discussion sets forth a framework for incorporating complex
features of the mammalian gut, test predictions of in vitro
models.

In particular, the disclosure is directed to a platform of
3D-printed gut bioreactors with sensing capabilities to test
theoretical predictions about trade-offs among functional
traits in relation to gut features (e.g., villi and folds), which
are important for the assembly and structure of gut micro-
biomes.

Specifically, in one embodiment the present disclosure
provides tissue engineering approach where cell-containing
material is intimately meshed with fiber-construct scaffold
(whether in the form of needles array, or supplied as part of
bioink feedstock, or fabricated first and then infiltrated with
cells, as in classical biomimetic scaffolds). The fiber scaffold
has active capabilities (micromechanical, microfluidic,
microelectronic) that mimic biofunctional or biosensing
modalities, such as musculature, vasculature, and innerva-
tion. In addition, the tissue engineering approach described
herein helps address a bottleneck of supplying bioprinted
tissue with realistic microstructure. Possible applications are
drug toxicity tests (printed liver tissue) and examination of
intestine functioning on the microbiotic level.

In another embodiment a methodology for investigating
the of complexity of microbiome is provided, where the
investigation of biofilm formation, heterogeneous interac-
tions between various players in the variety of microorgan-
isms, nutrition processes, inflammation conditions, bio-
chemistry of digestion are all examined in synthetic or
biosynthetic gut models embedding sensors that allow moni-
toring the microbiological processes with high spatiotem-
poral resolution. For example, the present disclosure
describes using gut bioreactors for investigation of micro-
biome, with fiber-device-embedding biosynthetic tissue
engineering being an example of the implementation of the
approach discussed herein.

In another specific embodiment, the present disclosure
provides an experimental platform to test theoretical predic-
tions about trade-offs among functional traits in relation to
the size distributions of villi, which are important for the
assembly and structure of gut microbiomes. As discussed
below the present disclosure provides a platform for the
assessment of biochemistry in cellular and bacteria commu-
nity interactions. One aspect of the disclosure is that the
platform described herein can be applied to observing
microbiological activity in response to an artificial environ-
ment. Experimental results are simulated and the computa-
tional model conclusions provide information to feed back
into the experimental work. This loop of theoretical and
practical research will provide, with a number of iterations
and time, desirable circumstances for providing information
concerning the environment being tested, at both the
microscale and the macroscale.

The current disclosure elucidates critical elements of gut
complexity using 3D-printed bioreactors. It is based on a
modeling framework that explores the physical complexity
of flowing environments and the diversity of microbial
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systems. The current disclosure expands on that framework
to incorporate complex features of the mammalian gut and
tests its predictions with in vitro models.

One particular aspect of the disclosure is a dynamic
artificial gut model integrating both experiments. The gut
model includes a bacterial bioreactor with biosensing and
biofunctionalized features that provides a realistic mac-
roscale and microscale test of microenvironment communi-
ties.

One approach for deciphering interactions and emergent
phenomena is to interpret fecal samples as integrators of gut
complexity and rely on epidemiological inference to gain
insight into relationships between microbiomes and their
host. Enhanced insight of these phenomena can be gained
from in vivo models (e.g., mouse) which lend themselves to
controlling host attributes (diet, genetics, and environment).
However, organismal constraints and individual-level varia-
tion tend to interfere with the understanding of gut micro-
biome functioning. These shortcomings can be addressed by
using in vitro models to assess eco-evolutionary interactions
among microbes in gut-like habitats. An example of an in
vitro, utilizes a simulated human intestinal microbial eco-
system (SHIME) which consists of a five-step multi-cham-
ber reactor (Molly et al. 1993). While this model allows for
different microbial inocula and embraces fluctuations in
environmental conditions (Van de Wiele et al. 2015), it lacks
microscale features that are typical of mammalian guts
(Donaldson et al. 2016) and its large size (>5 L) limits
replication and experimental design. The in vitro “gut on a
chip” technology allows nanoliter to microliter operating
volumes to ensure laminar flow. These “gut on a chip”
models are desirable for drug development, and they have
revealed connections between mechanical deformation and
bacterial overgrowth a problem that arises in ileus patients
where peristalsis is disrupted. However, a drawback of the
chip technologies is that they only support a small number
of bacterial species (<10) for a few days. As such, these
technologies are not well suited for tackling ecological and
evolutionary questions about microbial communities at the
whole-organ scale.

Accordingly, 3D bioreactors that scale important anatomi-
cal features of the mammalian gut are desired. Compared to
existing in vitro models, 3D bioreactors can show more
realistic fluidic dynamics, which is important for addressing
how residence time, villi, and resources interact in systems
with multiphase flow. These reactors can be printed with a
range of materials, including epithelial cells, which will be
embedded with nanofibers that are capable of biosensing and
biostimulation. Through the combination of expanded simu-
lations and experimental tests, a better understanding and
prediction of microbiome dynamics can be achieved with
implications for host nutrition and health.

In accordance with one embodiment, a bioengineering
system according to the present disclosure may be applied to
artificial gut models. For example, such a bioengineering
system may be used to study microbiome complexity in
nutrition-related processes. Fibers embedded into a printed
gut bioreactor may ultrasonically map buildup of microflora
biofilm on the gut walls and may enable monitoring of
changes in CO,, pH, and O, accompanying this process. In
such an example, bioinks for the artificial gut models will
incorporate intestinal epithelial cells typical in real guts.

In some embodiments, electrochemistry offers a wide
variety of methods to stimulate and sense cellular and
bacterial environments. In some embodiments, a library of
fibers has been proposed to help monitor the experiment in
terms of the bacterial and cellular growth and interactions
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within. For example, part of the experiment may observe
standard indicators such as pH, growth of bacterial popula-
tion density by observing optical density before and after
trials using a spectrophotometer. In addition to standard
laboratory observations, multi-material fiber technology
(VLSI-Fi) can help add controlled biostimulation and bio-
sensing to the model. These experimental conditions can be
modelled and simulated in parallel to create a feedback loop
between the experiment and theory. In some embodiments,
biosensing may include: 1) sensing stress and motion in
selective areas of the gut and understanding inner fluid
dynamics may be useful to understand how the mass peri-
staltic flow affects the gut biofilm and epithelium; 2) observ-
ing changes in density may signal growth in certain areas of
the gut, and may be observed using ultrasound imaging (also
known as sonography), which correlates to the presence of
internal structure within the gut model; and 3) microfluidics
in sampling some fluid volume at specific locations within
the bioreactor for analysis of microbial colonies at different
stages of residency in terms of time and position along the
gut. In some embodiments, the introduction of biostimula-
tion and biosensing capabilities may be done by interweav-
ing fiber devices in the wall of the gut model. In one aspect,
the material in the bioreactor is viscous which helps to
introduce fiber devices. In some alternative embodiments
that employ a more rigid structure, cavities can be inserted
to introduce the fiber into a bioreactor. In one embodiment,
an optical fiber may be introduced into the bioreactor.

When developing a biologically relevant gut model, it is
important to ensure that key elements of the GI tract are
recapitulated. Ideally, the model should be able to maintain
a microbial community in an anaerobic environment with a
stable pH. Also, these conditions should be physiologically
similar to the ileum, the human GI tract segment that our gut
model most closely resembles.

In the gut bioreactors, oxygen levels from the gut media
before entering the model were significantly higher than the
oxygen levels of the spent media exiting the model (FIG. 1.,
1=4.1015, p=0.025). The oxygen level of the spent media is
very near 0 mg/L, showing that while an anaerobic envi-
ronment is not imposed on the gut model, it develops within
the first 24 hours of an experimental run and is maintained
throughout a week run. The split oxygen levels in the feed
are due to decreases in oxygen level seen over the 24-hour
period each feed tank is attached to the system. In addition
to an anaerobic environment, a pH of 7 is maintained which
is like that of the human ileum (Walter & Ley, 2011).

In preliminary trials of complex fecal microbial commu-
nity inoculum with daily immigration, the bacterial commu-
nity reached equilibrium densities of ~10° cells/mL
(10%%°4/-10°'?) with a low coefficient of variation
(CV=11.7%) in the bioreactors meaning these populations
are quite stable and physiologically similar to the distal
small intestine in vivo (Walter & Ley, 2011). In this pre-
liminary experiment, we observed a potential secondary
stable state of microbial abundance that occurred after day
14.

In some embodiments, the gut bioreactor is capable of
culturing bacterial cells for at least one day, at least two
days, at least three days, at least four days, at least five days,
at least six days, at least seven days, at least eight days, at
least nine days, at least ten days, at least eleven days, at least
twelve days, at least thirteen days, or at least fourteen days.

The platform of the present disclosure can be utilized to
address questions pertaining to the ecology and evolution of
microbial communities using an approach where 3D spa-
tially explicit modeling and experimentation are uniquely
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aligned. Relying on iterative feedback between computa-
tional models and experiments, theoretical predictions can
be generated, tested, and refined.

First digital models using computer aided design (CAD)
software that are scale-accurate instructions for the precise
design of functional materials are created. The bioreactors
can be manufactured using stereo lithography (SLA), a laser
based technique that allows for precise and smooth printed
high-resolution 3D constructs of small volumes at fast build
times (Gross et al. 2014, Gumennik and Eltony 2017).

Moreover, printing reactors with a Form 2 printer using
Dental SG resin a style of resin used readily in dental
settings, which is an autoclavable and biocompatible pho-
topolymer, printed on the SLA Form 2 printer where each
layer of resin is cured to the previous layer can be utilized
to prepare to construct 3D-printed bioreactors.

However, a more desirable bioreactor can be created
utilizing bioprinting. One advantage of bioprinting is that it
enables fabrication of parts and devices that take on the
characteristics of tissues and organs. As opposed to the
above-discussed methods of creating bioreactors, which use
biologically inert materials, 3D bioprinting uses living cells
as bioink. (Faccini de Lima et al. Nanoscale Research
Letters (2019) 14:209). Bioprinting is particularly advanta-
geous because it can be used in translational medicine for
wound healing, repair of vascular networks, and bone recon-
struction. One approach for bioprinting is a ‘scaffold-free’
(cells-only) method (Moldovan et al. 2017), which can be
implemented using a Regenova bioprinter. This bioprinter
places cell spheroids, e.g. intestinal smooth muscle cells and
intestinal epithelial cells, on a microneedle array. The indi-
vidual spheroids then fuse together and create the undulating
geometry of the gut with folds that simulate intestinal crypts,
another feature that contributes to gut complexity (Pedron et
al. 2012). Stem cells derived from the colon emerge on
‘feeder’ fibroblast layers in as little as one week and display
microvilli-like structures, which are thought to be important
for the assembly and structure of gut microbiomes (See FIG.
4 which shows colon epithelial cells grown on top of a
feeder fibroblast layer in the MimEX system (from Bio-
techne) and the formation of microvilli-like features).

Another approach for bioprinting is bioink-based printing
where cells are incorporated into matrix-like gels such as
alginate. Bioinks can be printed in a layer-by-layer fashion
similar to FDM 3D printing and cells grow in the bioink
printed structure. GelMA is a biocompatible hydrogel
derived from gelatin to which methacrylate and methacry-
lamide groups are added. GelMA as a bioink provides an
excellent extracellular matrix (ECM) to the cells to create
tissue-like structures.

In some embodiments, commercially available human
intestinal epithelium and enteroid kits may be used to culture
into thin sheets and layered onto the wall of a 3D printed gut
model. Various bioprinting technologies such as bioinkjet
and bioplotters have shown an ability to print approximately
realistic tissue compiling various cell types and layers.
Layering of cell spheroids has been done by simple side-
by-side automated deposition, by fluid delivery where spher-
oids are suspended in a nutritious viscous liquid, or by
transfixing spheroids onto needles arranged in an array (also
known as the Kanzan technique). In some embodiments, the
printed cells are given a maturation period to let the cells
grow and form a consolidated tissue structure. In the human
body, cells are supported by the extracellular matrix (ECM),
an essential group of proteins that provide structure and
other functions to the tissue. In some embodiments, the
bioink comprises substrates that are composed of a variety
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of organic or synthetic materials. In some embodiments, the
bioink is provided in the form of solvents, hydrogels,
polymers, aerogels, or foam scaffolds. In some embodi-
ments, the bioink composition may be made of biocompat-
ible materials that are often degradable. In some embodi-
ments, once a layer is printed, it can be deposited onto the
inner wall of the artificial gut model. In some embodiments,
the inner wall comprises pores, and this porosity of the 3D
printed wall offers a welcoming substrate for the cellular
matrix to bind to and grow further. With the added flow of
bacterial colonies through the gut model during an experi-
ment, a user is able to observe interactions between the cells
and the biofilm.

Micro- and nano-fiber technology can be integrated into
3D-bioprinted reactors as illustrated in FIGS. 5A-C. Fiber
technology can bring to conventional bioprinting and tissue
engineering a new array of biological functionalities such as
artificial vasculature, innervation and muscular motion. A
microfluidic hollow fiber with periodic channels along its
axis feeds epithelial cells or vascular epithelial growth
factors to a desired location to support the natural growth of
microvasculature. Piezoelectric elements measure surround-
ing cell density by ultrasound to provide a feedback of the
microenvironments” conditions. This resembles the nervous
system. Shape memory alloy wires provide peristaltic
motion.

In some embodiments, the fiber senses the presence of a
growth factor. In some embodiments, the growth factor may
include epidermal growth factors (EGF), fibroblast growth
factors (FGF), hepatocyte growth factors (HGF), transform-
ing growth factors beta (TGF-f), and insulin-like growth
factors (IGF).

In some embodiments, the presence of EGF may be a
signal of cell growth and maturation. EGF stimulates cell
growth, differentiation, and survival by binding its cognate
receptor, found in urine, saliva, milk, tears, blood plasma,
submandibular glands, and the parotid gland. It is regulated
by iodine, which also plays a role in the maintenance of
gastric tissue.

In some embodiments, the presence of FGF may be a
signal of broad biological activities extracellularly and intra-
cellularly including the stimulation of embryonic develop-
ment, cell growth, morphogenesis, tissue repair, tumor
growth and invasion, endothelial cell migration and prolif-
eration, and angiogenesis. It is found in the extracellular
matrix.

In some embodiments, the presence of HGF is a paracrine
intracellular protein that stimulates cell growth, motility, and
morphogenesis in embryonic organ myogenesis, adult organ
regeneration, and wound healing. It is typically excreted by
mesenchymal calls to monitor epithelial and endothelial cell
behavior. It can also plays an influential role on haemopoi-
etic progenitor cells and T cells.

In some embodiments, the presence of TGF-f is a cyto-
kine stimulating other regulatory proteins, differentiation,
chemotaxis, proliferation, and activation of immune cells by
inducing target gene transcription. It is produced by all white
blood cells and many other cell types. Due to its nature in
regulating and differentiating stem cells, it is highly
researched and used in infectious, autoimmune, and cancer
disease therapy.

In some embodiments, the presence of IGF or somato-
medin stimulates growth and controls blood glucose levels.

In some embodiments, the growth factors are introduced
by nanofluidic methods using a hollow fiber with a porous
membrane and a piezoelectric control for the delivery of
very small volumes into the gut bioreactor.
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In some embodiments, biosensing of growth factors is
possible through biochemical substrates, but in our applica-
tion of the gut model, we intend to observe how the growth
factors affect the biological environment, for example
through the observation of fluorescent markers in proteins
that may represent how certain cell populations have grown
or proliferated based on the insertion of one or more growth
factors.

In some embodiments, growth factors are delivered to
specific regions of the bioreactor using a fiber comprising an
outer surface, a hollow core, and a plurality of channels
coupling the hollow core to the outer surface. In some
embodiments, intestinal growth factors are delivered at
selected locations, such as epidermal (EGF), fibroblast
(FGF), hepatocyte (HGF), transforming (TGF-f), or insulin-
like (IGF) growth factors. Growth factors are signaling
proteins that are regulators of the proliferation, differentia-
tion, migration, and survival of cells. In some embodiments,
the growth factors are introduced using microfluidic con-
duits or channels coupled to a hollow core. In some embodi-
ments, the fiber comprising a hollow core is coupled to a
pump to deliver the growth factors. In some embodiments,
peristaltic motion may be generated along the entire gut
model using shape memory alloy actuation technology.

In some embodiments, growth factors are introduced by
nanofluidic methods using a hollow fiber with a porous
membrane and a piezoelectric control for the delivery of
very small volumes into the gut. The aforementioned growth
factors are commercially available.

Fibers are thermally drawn from 3D printed multimaterial
rods called preforms. During the process, the cross-sectional
geometries are preserved. The functionality of the fiber is
determined by the material selection. The fiber can be
further developed by thermally initiating capillary breakup
of its core to create arrays of spheres used for specific
functions. The fibers technology CELLINK Bio X can
support extensions that allow the fiber to be fed through the
bioink during a print. This also requires a new design of
nozzles that can be precisely printed in biocompatible resin.

FIGS. 5A-C shows an overview of fiber technology in gut
bioreactors. FIG. 5A shows fibers are fed through the print
head nozzle with bioink as the base for the 3-D construct of
the reactor. FIG. 5B shows the flow of microorganisms (Q)
through the gut volume (V) with embedded fibers in the
encoded villi (®). FIG. 5C shows the biofunctional and
biosensing fibers being drawn at high temperature from a
rod composed of a variety of functional materials. During
the draw process, the cross-sectional area of the rod or
preform will be preserved, allowing for radial arrangement
control of the fiber. Using a post-processing method initiat-
ing capillary instability in the core of the fiber by controlled
heat, the axial direction can be manipulated to transformed
linear cores into periodic spheres. Using micro- and nano-
fiber technology allows the generation of measurements
with high temporal and spatial resolution so that various
models can be tested model predictions about the metabo-
lism and functioning of whole-gut bioreactors. Specifically,
building on results in 3D control of internal fiber architec-
ture (Gumennik et al. 2013, Gumennik et al. 2017), allows
the development of artificial microvasculature and innerva-
tion fabric embedding ultrasonic microtransducer-based bio-
sensors that will coat the interior of the gut bioreactor to map
biofilm formation ultrasonically. The incorporation of the
fiber-based devices allows for a better understanding of the
cellular microenvironment. The length and time scales of
interaction between cells and microrganisms, and between
neighboring cells are biologically relevant. Such a microen-
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vironment allows the cells to interact with neighboring
organisms, form their own extracellular matrix, and respond
to the surrounding stimuli in a non-artificial environment.
This is unlike bioreactors where tissue specific cells are
bioprinted on inert materials. The gut model interior can be
inlayed with sensors for monitoring changes in CO,, pH,
and O, (Zhu et al. 2015). This can be accomplished by
incorporating a GFP-labeled human embryonic kidney cell
line (HEK293) cells into the bioink, which in combination
with direct physiological measurement will allow the vali-
dation of biofunctional and biosensing capabilities.

CAD Design and Computational Simulations

Using computer-aided design (CAD), a digital model that
captures the microscale complexity of the mammalian gut.
Small and large folds that are lined with rows of offset villi
have been generated. These folds and villi are coiled around
a cylinder of intestinal volume to mimic the spiral shape of
the mucosa in the GI tract. Next, CAD models and encoding
for biofilm production. Simulations can be run with different
villi sizes based on patient data.

In some embodiments, theoretical average residence time
can be calculated by dividing the volume of a given system
by the flow rate of that system. In some embodiments, this
theoretical residence time would be the residence time of a
pulse of particles in a plug-flow style system where all
particles that enter at the same time exit at the same time due
to the nature of the fluid flow in the reactor. In complex
reactors, residence time is a distribution of times that par-
ticles exit a system as fluid flow is complex and dead zones
emerge. The distribution of residence times in these systems
can be determined using tracers that are added to the system
at a given time. Timed fractions of the system outflow may
be collected and the tracer is quantified in each fraction
allowing a residence time distribution to be calculated from
the concentration curve generated.

In some embodiments, the bioreactor is configured to

provide a realistic architecture of mammalian intestine mor-
phology varying in size (but not limited to) from the mice to
ahuman. A based asymmetrical structure of crypts and villus
as a foundation and added variable controls of its shape (the
folds) and components (the villi) were modeled to find
patterns in microbial residence over time in the gut. The
bioreactor described herein is capable of being scaled up or
down to fit various animal guts having similar morphology.
In one embodiment, stereolithography was used to generate
various models with a precision of 50 micrometers in
various biocompatible materials.
Most materials available to rapid prototyping that are bio-
compatible tend to be rigid. In some embodiments, an elastic
material that preserves the designed features was used to
print the bioreactor. In some embodiments, the bioreactor
comprises materials that may be sterilized allowing the
bioreactor to be reused for different experiments. In some
embodiments, the bioreactor comprises an outer shell and
the internal bioreactor comprises a soft gel material that may
be single use.

Printing Fibers for Sensing and Supporting a
Bioreactor

In one embodiment, the fibers in FIG. 5C may be pro-
duced using the same methods according to the methods
disclosed in the cross-referenced application titled “VERY
LARGE SCALE INTEGRATION FOR FIBERS
(VLSI-Fi)”. In the first stage, a preform is composed of
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different materials. The various geometry shown in FIG. 5C
can be achieved by 3D printing or milling the preforms and
then consolidating them together in an oven at a selected
temperature under vacuum. In addition, the bars of material
can be hot pressed together. In the second stage, the preform
is vertically inserted in a furnace. Under the weight of
gravity and additional weight at the end of the rod, as the
temperature increases across the rod, the rod begins to
elongate and form a fiber. In some embodiments, the thermal
drawn fiber may elongate over meter-to-kilometer distances.
This process may be done using a draw tower that spans over
multiple floors in a bay area. In the third stage, segments of
the fiber are cut and go through post-processing steps to
characterize the fiber and give it functions. For example, one
can control the thickness of the outer dimension through
chemical etching. Other examples include breaking up an
internal core into an array of consecutive spherical droplets
due to capillary instabilities initiated if the fiber undergoes
further heat treatment configured to melt the internal core
and surrounding cladding of the fiber.

In some embodiments, one or more multimaterial fibers
may be incorporated into the bioreactor. Based on the
bioreactor material, the fiber may be incorporated during the
printing process of the bioreactor, wherein a soft material is
used to form the bioreactor. Referring to FIG. 17, in some
embodiments, the bioreactor is 3D printed to include one or
more channels for inserting the multi-material fiber into the
bioreactor. The channels transverse the body of the biore-
actor and have an inlet and an outlet. The inlet couples to the
internal region of the bioreactor (referred to as the reactor
region) and the outlet couples to the outer surface of the
bioreactor allowing the multi-material fiber to protrude from
the bioreactor and couple to a device that sends and receives
information.

In one embodiment, a microfluidic fiber is formed com-
prising a hollow core channel and periodic outlets to deliv-
ery or retrieve fluids. The fiber may be made out of a
biocompatible polymer such as polycarbonate. Briefly, a
method of fabrication/activation comprises 1) a preform is
3D printed with a central core, and one or more thin hollow
core midway between the outside of the fiber and the core
channel, 2) the fiber is drawn, 3) capillary breakup is
conducted to break the one or more thin cores into spheres,
4) an etching agent (for example acetone if the fiber is made
out of polycarbonate) is used to open up the spheres and the
large central channel, and 5) the end of the fiber is hooked
to a peristaltic or syringe pump to control the delivery of
fluids.

In one embodiment, a nanofluidic delivery system com-
prises piezoelectric material, electrodes, and a porous mem-
brane. Briefly, a method of fabrication and activation com-
prises 1) a preform is printed with a specific internal
arrangement to house functional material, 2) two-material
heterogeneous gel is introduced to the porous membrane
location, 3) if the electrodes and piezoelectric materials melt
at high temperatures, they will be introduced in the form of
wires during the drawing process—otherwise, they are sim-
ply placed in the desired locations in the hollow core of the
preform, 4) the fiber is drawn with all its materials, 5) an
etching agent is used to selectively remove one of the two
materials present in the porous gel to create the porosity, 6)
electrodes are hooked to a power generator and a reservoir
to control the flow through the fiber. This fiber is used to
control pico amounts of fluid flowing into the bioreactor—
for example delivery a specific fluid to a prespecified crypt.

In one embodiment, a fiber to mimic peristaltic actuation
in the bowel movement of the gut is provided. Briefly, a
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method of fabrication/activation comprises 1) a preform is
printed with the desired geometry including core cavities, 2)
shape memory polymers or alloys are introduced into the
core cavities, 3) the fiber is drawn, 4) the shape memory
material of the fiber is connected to a function generator at
the end of the fiber to control its motion.

In one embodiment, a fiber to sense density growth of
cells, for example bacteria, is provided. Briefly, a method of
fabrication/activation comprises 1) a preform is printed with
the desired geometry, 2) electrodes and piezoelectric mate-
rial is inserted in the fiber, 3) the fiber is drawn, 4) capillary
breakup is applied to form the internal devices and the
electrodes are exposed at the end of the fiber, and 5) the
fiber’s electrodes are connected to a function generator to
send signals through the device and another fiber’s elec-
trodes are hooked to an oscilloscope or LCR meter to
observe the output signal and disturbances in the system.

In one embodiment, a fiber to sense stress levels in the
environment is provided. Briefly, a method of fabrication/
activation comprises 1) a preform is printed with the desired
geometry, 2) electrodes and piezoelectric material is inserted
in the fiber, 3) the fiber is drawn, 4) capillary breakup is
applied, and 5) the electrodes of the fiber are hooked to an
oscilloscope or LCR meter to identify stress levels.

The one or more multi-material fibers may be simultane-
ously printed with the 3D printed material or they may be
inserted post printing using predefined channels.

Incorporating the Fibers into the Bioreactor

In one embodiment, in a first step, the gut model is made
out of a biocompatible resin, enabling analysis over a fixed
and controlled biomimicry realization of the natural process.
This serves as a static analysis of the biosystem. In some
embodiments, in a second step, the gut model is made out of
bioink, a lab-produced alternative to the natural ECM that
supports cell and bacterial organization, adhesion, prolifera-
tion, and their biological behavior. The bioink is designed to
match the material properties of the ECM. In some embodi-
ments, the bioink may be composed of biodegradable syn-
thetic polymers, such as poly(glycolicacid) (PGA), poly
(lacticacid) (PLA), poly(lactide-co-glycolide), polyan-
hydride, poly(propylenefumarate), polycaprolactone (PCL),
polyethyleneglycol (PEG), polyurethane, or a combination
thereof. In some embodiments, the bioink may be composed
of naturally-sourced biopolymers such as proteins polysac-
charides, or a combination thereof. In some embodiments,
the proteins may include collagen, gelatin, silk, fibrin, or a
combination thereof. In some embodiments, the polysaccha-
rides may include alginates, agarose, chitosan, glycosami-
noglycans, or combinations thereof. In some embodiments,
the ECM may comprise synthetic and inorganic bioceram-
ics, such as calcium phosphates, tricalcium phosphates,
hydroxyapatite, bioglass, or combinations thereof, each of
which may be inert, resorbable, or degradable.

In some embodiments, a soft gut model may be provided.
With a soft gut model, actuation can be introduced to model
the peristaltic motion using shape-memory alloys and poly-
mers. In this embodiment, a platform for a dynamic analysis
of the biosystem is provided.

Hard or rubber-like components of the bioreactor may be
printed individually and then assembled (i.e., Commercial
SLA resins by Formlabs). That is because the printed
method used, stereolithography does not allow for any
external interference during the printing process. In some
embodiments, stereolithography may be used because of the
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high precision printing output. FIG. 17 shows how channels
may be formed in the bioreactor to enable the introduction
of multi-material fibers.

In some embodiments, gel-based soft material devices can
be extruded along with the one or more multi-material fibers
due to the printing technology used in bioprinting that
allows custom-made nozzles to be inserted. For example, a
nozzle capable of being autoclaved comprising resin may be
used having two inputs, one for the printing material and one
for the one or more multi-material fibers. The material and
the one or more multi-material fibers combine at a single
extruding point from the printer nozzle so as to form the
bioreactor with the one more or more fibers incorporated.

In terms of the fiber’s introduction into the device, one
end of surface (along the fiber) can interact with the bio-
logical environment (i.e., the reactor region) while the other
end of the fiber is either connected to an electronic generator
and/or measurement device, or the fiber is connected to a
source of fluids. Such connections are well established in the
field of microfiuidics of lab-on-chips technology for
example.

Using the conduits/channels or the placement of the fibers
during printing, the one or more multi-material fibers may
interact directly with the biofilm and the bioreactor envi-
ronment. The one or more fibers are designed to be biocom-
patible.

In some embodiments, the one or more fibers or woven
into the bioreactor by additive manufacturing. In the biore-
actor, the fibers are incorporated within the wall volume or
at the wall internal surface of the gut model, depending on
the fiber functionality. In some embodiments, these fibers
may be used for biostimuli and biosensing modalities, such
as ultrasound imaging, shape tracking, peristaltic motion,
bio-chemical delivery, surface morphology biomimetics
(microvilli) and so forth. To that end, custom printheads that
enable an efficient incorporation of the fiber into the printing
material is provided. Here, the solutions grade by complex-
ity that is correlated to the optimization of such integration.
In one embodiment, a fiber is dipped manually into the
bioink at the beginning of its extrusion and spooled of by the
shear stress applied by the surrounding bioink. The spool is
set on a bearing allowing it to rotate with very low friction.
These embodiments involve coating the fiber in bioink
introduced at specific locations using rollers and a pneu-
matic feed. In one embodiment, this is done in a biosafety
chamber of the printer. Therefore, the print-head add-ons are
designed to resist the exposure to UV.

FIG. 7 is a perspective view of a gut bioreactor 10
according to the present disclosure. The gut bioreactor 10 is
generally cylindrical and extends around a central axis Al
that extends through the center of the gut bioreactor 10. The
gut bioreactor 10 includes a housing 9 and FIG. 7 shows a
portion of the housing 9 broken away. The gut bioreactor 10
is formed to include reactor region that includes a fold
region 14 and a flow region 12. The gut bioreactor 10 may
include an inlet and outlet that are configured to pass fluid
through the gut bioreactor.

The gut bioreactor 10 has a height H1 as shown in FIG.
9. In some embodiments, H1 is about 10 cm to about 30 cm
although H1 may determined according to the end use of the
gut bioreactor 10. The gut bioreactor 10 also has a diameter
D1 as shown in FIG. 8. In some embodiments, D1 is about
0.50 cm to about 4.0 cm although D1 may be determined
according to the end use of the gut bioreactor 10. In some
embodiments, the gut bioreactor 10 also has a diameter D2
and D3, wherein D2 is larger than D3 as shown in FIG. 9.
In some embodiments, D2 is at least about 0.01 cm in length.
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In some embodiments, D2 is about 0.01 cm to about 2 cm.
In some embodiments, D3 is at least 0.005 cm in length. In
some embodiments, D3 is about 0.005 cm to about 1.95 cm.

FIG. 8 is an overhead view of the gut bioreactor 10 from
FIG. 7. The gut bioreactor 10 includes the flow region 12,
the fold region 14, and an outer ring 16. The flow region 12
extends outwardly from the central axis a distance of F1. The
outer ring 16 is arranged to surround the flow region 12 and
the fold region 14. The fold region 14 extends between and
interconnects the flow region 12 and the outer ring 16.
Ilustratively, the fold region 14 extends outwardly toward
the outer ring 16 from the flow region a distance F2.

Referring to FIG. 10 in some embodiments, the gut
bioreactor 10 includes a diameter D4 and diameter D5,
wherein D4 is larger than D5. In some embodiments, D4 is
at least 0.50 cm in length. In some embodiments, D4 is about
1.0 cm to about 4.0 cm. In some embodiments, D5 is at least
0.25 cm in length. In some embodiments, D5 is about 0.25
cm to about 3.95 cm in length.

The gut bioreactor 10 includes a member 22 and a
member 24, as shown in FIG. 8. Member 22 extends into the
reactor region 11 a distance L1. Member 22 is formed to
include a plurality of protuberances 21 that extend from a
surface of member 22 into the reactor region 11. Member 24
is located spaced apart from member 22. Member 24 extends
into the reactor region 11 a distance [.2. Member 24 is
formed to include a plurality of protuberances 21 that extend
from a surface of member 24 into the reactor region 11.
Ilustratively, L1 is greater than [.2. In some illustrative
embodiments, members 22 and 24 cooperate to form crypt
regions, as discussed below.

Tustratively, the gut bioreactor includes several members
22 and members 24 located around the central axis Al and
extending into the reactor region 11. The members 22, 24
cooperate to form the fold structures discussed below. As
shown in FIGS. 9 and 10. The diameter D3 as measured
between two members 22 is less than the diameter D5
between members 24 that are across the central axis Al.

Referring to FIG. 9, FIG. 10, FIG. 12, and FIG. 14, in
illustrative embodiments, the gut bioreactor 10 includes
several fold regions 14 that extend around the central Al. In
some embodiments, the gut bioreactor 10 includes eight fold
regions 14. It should be understood that the number of fold
regions can be adjusted depending on the end use and the gut
being modeled. For example, a gut bioreactor 10 may
include 2-14 fold regions.

Tlustratively, the gut bioreactor 10 is formed of a plurality
of reactor plates 26 and spacer plates 28. The reactor plates
26 include the members 22, 24 as discussed above and the
protuberances 21. In some embodiments, the reactor plates
26 align so that the members 22, 24 overlie one another. In
some embodiments, the reactor plates 26 are slightly offset
so that the members 22, 24 from adjacent reactor plates are
offset. Illustratively, offset reactor plates 26 form a spiral
structure. The spacer plates 28 are generally devoid of
protuberances and operate to separate the reactor plates 26.
The diameter D2 is a diameter of the spacer plate near
member 22. Diameter D4 is a dimeter of the spacer plate
near member 24. D2 is generally less than D4.

The fold region 14 includes a crypt region 18, as shown
in FIG. 8. In some embodiments, fold region 14 includes two
crypt regions 18, 20. In illustrative embodiments, the crypt
regions 18, 20 are sized differently, as shown in FIG. 8.
Tlustratively, each fold region may include a major crypt
region 18 and a minor crypt region 20. In some embodi-
ments, the major crypt region 18 has a diameter W2 of about
0.76 cm or at least 0.76 cm. In some embodiments, the minor
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crypt region 20 has a diameter W1 of about 1.52 cm or at
least 1.52 cm. In some embodiments, the diameter of the
crypt region between each fold is about 2.29 cm. In some
embodiments, the gut bioreactor 10 includes eight fold
regions.

Referring to FIG. 11, member 24 is located between two
members 22. Member 24 may be equally spaced between the
two members 22 or may be nearer than one. In illustrative
embodiments where member 24 is not centered, the fold
region can form two crypt regions having different sizes, as
discussed below.

In some embodiments, the reactor region 11 has an
average diameter of about 1.50 cm to about 4.5 cm. In some
embodiments, the average diameter of the reactor region 11
is about 1.50 cm, about 1.55 cm, about 1.60 ¢m, about 1.65
cm, about 1.70 cm, about 1.75 c¢cm, about 1.80 cm, about 1.85
cm, about 1.90 cm, about 1.95 cm, or about 2.0 cm. In some
embodiments, the average diameter of the reactor region 11
is about 2.0 cm, about 2.25 c¢cm, about 2.50 cm, about 2.75
cm, about 3.0 cm, about 3.25 cm, about 3.50 cm, about 3.75
cm, about 4.0 cm, about 4.25 c¢cm, or about 4.50 cm. In some
embodiments, the reactor region 11 diameter is about 1.71
cm.

In some embodiments, the villi or protuberances 21 are
located at regular intervals of about 0.127 cm along the
length of the fold region 14. In one embodiment, the fold
region 14 may comprise about 200 to 350 villi (i.e., protu-
berances 21). In one embodiment, the fold region 14 com-
prises 296 villi (i.e., protuberances 21) having a length
extending into the reactor region 11 of about 0.38 mm to
about 0.75 mm. In some embodiments, the protuberances 21
have a generally uniform size and distribution. In some
embodiments, the protuberances 21 vary in length between
about 0.25 mm to about 0.99 mm.

The bioreactor 10 may comprise biocompatible materials.
In some embodiments, the bioreactor 10 comprises plastic,
resin, rubber, glass, or a combination thereof. In some
embodiments, the bioreactor 10 is 3D printed using stereo-
lithographic resins such as Dental SG, Dental LT, gelatin
methacrylate having flexible, durable, and elastic properties,
a UV curable hydrogel, a plastic such as polycarbonate,
glass, or a combination thereof.

In some embodiments, a peristaltic pump is coupled to the
bioreactor 10. The pump is configured to pass liquid through
the gut bioreactor 10. In some embodiments, the fluid flows
through the inlet and outlet of the housing. In some embodi-
ments, the pump is coupled with the multimaterial fibers and
passes fluid through the multimaterial fibers. Illustratively,
this mimics peristalsis in a mammalian gut. In some embodi-
ments, the pump is configured to pass fluid through the flow
region 12 and/or the fold region 14.

FIG. 12 is another embodiment of a gut bioreactor 210.
The gut bioreactor 210 includes two caps 215, 217 that
couple with a reactor housing 209. Gut bioreactor 210 is
formed of a several reactor strips 213 that extend around a
central axis Al. The reactor strips 213 combine to form the
series of reactor plates 226 and spacer plates 228 as dis-
cussed above for the gut bioreactor 210.

Referring now to FIG. 13, each reactor strip 213 includes
a member 222 and a member 224. The above disclosure
regarding members 22 and 24 are incorporated by reference
here. Each of the members 222, 224 are formed to include
a plurality of protuberances 221.

Referring now to FIG. 14-17, a gut bioreactor 310
includes a housing 309 that is formed to include a reactor
region 311 therein. Unlike the gut bioreactors 10, 210, the
gut bioreactor 310 does not include members extending into
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the reactor region 311. Instead, the protuberances 321 extend
into the reactor region 311 from an inner sidewall 323. The
gut bioreactor 310 includes a plurality of reactor plates 326
and spacer plates 328.

Referring now to FIGS. 18 and 19, a gut bioreactor 410
resembles the gut bioreactor 10. Illustratively, the gut biore-
actor 410 includes members 422 and 424. The above dis-
closure regarding members 22 and 24 are incorporated by
reference here. The members 422 and 424 cooperate to form
the crypts 418 and 420. Illustratively, the crypt 418 is larger
than crypt 420 but alternative embodiments have the crypts
of similar size. The crypt 418 is formed to include a conduit
433 that allows a multimaterial fiber to pass therethrough
and to the outlet 431. As viewed from above, the conduit 433
is square however the shape may be adjusted depending on
the shape of the multimaterial fiber passed therethrough.
Although FIGS. 18 and 19 show the conduit 433 in only one
crypt per fold region 414, any number of conduits are
available depending on the number and types of multima-
terial fibers. Also, the conduit 433 is drawn at the base of the
crypt 420 but may be located anywhere along the members
422, 424.

Referring now to FIGS. 20-22, a nozzle 510 for forming
the gut bioreactors 10, 210, 310, 410 is shown. The nozzle
510 includes a body 512 and a body 514. The matrix for
forming the solid portions of the gut bioreactors 10, 210,
310, 410 is passed through the body 512. The multimaterial
fibers described herein pass through the body 514. At the
junction where the bodies 512, and 514 meet, the fiber
becomes coated with the matrix and it exits the outlet 516 to
be printed. In some embodiments, the nozzle 510 is formed
of a polypropylene.

The following embodiments are also contemplated.

Clause 1. A method of forming a bioreactor, comprising:
printing fiber preforms, drawing fiber preforms, coating
drawn fibers with bioink, wherein the bioink contains an
ECM, assembling the drawn fibers into a structure having a
receptacle surrounded by (i) at least one inner wall surface
and (ii) at least one outer wall surface.

Clause 2. The method of clause 1, wherein the fiber
preforms are polycarbonate.

Clause 3. The method of clause 1, wherein the fiber
preforms are multi-material.

Clause 4. The method of clause 1, wherein the fibers are
capable of biosensing metabolites.

Clause 5. The method of clause 1, wherein the fibers are
capable of biosensing growth factors.

Clause 6. The method of clause 1, wherein the fibers are
capable of biostimulating cells.

Clause 7. The method of clause 1, wherein the one inner
wall surface includes undulations.

Clause 8. The method of clause 1, wherein the undulations
on the inner wall resemble villi.

Clause 9. The method of clause 8, wherein the undulations
on the inner wall resemble crypts.

Clause 10. A bioreactor, comprising: a receptacle sur-
rounded by a wall having an inner wall surface and an outer
wall surface, wherein (i) the wall is made of fibers coated
with bioink and (ii) the bioink contains ECM.

Clause 11. The bioreactor of clause 10, wherein the fiber
preforms are polycarbonate.

Clause 12. The bioreactor of clause 10, wherein the fiber
preforms are multi-material.

Clause 13. The bioreactor of clause 10, wherein the fibers
are capable of biosensing metabolites.

Clause 14. The bioreactor of clause 10, wherein the fibers
are capable of biosensing growth factors.
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Clause 15. The bioreactor of clause 10, wherein the fibers
are capable of biosensing residence time.

Clause 16. The bioreactor of clause 10, wherein the fibers
are capable of biostimulating cells.

Clause 17. The bioreactor of clause 10, wherein the bioink
contains ECM and cells.

Clause 18. The bioreactor of clause 10, wherein the inner
wall surface includes undulations.

Clause 19. The bioreactor of clause 18 wherein the
undulations on the inner wall resemble villi.

Clause 20. The bioreactor of clause 18, wherein the
undulations on the inner wall resemble crypts.

Clause 21. A method of modeling a gut microbiome
system, comprising: providing a set of parameters associated
with physical and geometrical properties of a gut microbi-
ome system, programing the set of parameters into an IBM,
generating a computational simulation of the gut microbi-
ome system based upon the set of parameters, wherein the
simulation includes a prediction of a trait of the gut micro-
biome system, providing a 3D-printed gut bioreactor,
wherein the 3D-printed gut bioreactor is configured to
possess the same set of parameters associated with the
physical and geometrical properties as those programed into
the IBM, conducting an experiment utilizing the 3D-printed
gut reactor to generate data that describes an actual trait of
the microbiome system, and comparing the characteristics of
the predicted trait to the characteristics of the actual trait.

Clause 22. The method of clause 21, wherein the pre-
dicted trait includes the trait of how the gut microbiome
reacts to a biologically active compound.

Clause 23. The method of clause 21, wherein the pre-
dicted trait includes a trait of a diseased gut microbiome.

Clause 24. A method of modeling a gut microbiome
system, comprising: providing a set of parameters associated
with physical and geometrical properties of a gut microbi-
ome system, programing the set of parameters into an IBM,
generating a computational simulation of the gut microbi-
ome system based upon the set of parameters, wherein (i) the
simulation includes a prediction of a trait of the gut micro-
biome system and (ii) the predicted trait includes the trait of
how the gut microbiome reacts to a biologically active
compound.

Clause 25. A method of modeling a gut microbiome
system, comprising: providing a set of parameters associated
with physical and geometrical properties of a gut microbi-
ome system, programing the set of parameters into an IBM,
generating a computational simulation of the gut microbi-
ome system based upon the set of parameters, wherein (i) the
simulation includes a prediction of a trait of the gut micro-
biome system and (ii) the predicted trait includes a trait of
a diseased gut microbiome.

Clause 26. A method of modeling a gut microbiome
system, comprising: providing a set of parameters associated
with physical and geometrical properties of a gut microbi-
ome system, programing the set of parameters into an IBM,
generating a computational simulation of the gut microbi-
ome system based upon the set of parameters, wherein (i) the
simulation includes a prediction of a trait of the gut micro-
biome system and (ii) the predicted trait includes a trait of
how a diseased gut microbiome reacts to a biologically
active compound.

Clause 27. A system for studying a microbiome, compris-
ing a 3D bioreactor, wherein the 3D bioreactor embedded
with biosensing fibers includes epithelial cells.

Clause 28. The system of clause 27, wherein the epithelial
cells are human epithelial cells.
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Clause 29. The system of clause 27, wherein the biosens-
ing fibers are capable of measuring the amounts of metabo-
lites.

Clause 30. The system of clause 27, wherein the 3D
bioreactor includes a biofilm.

Clause 31. The system of clause 27, wherein the 3D
bioreactor includes villi.

Clause 32. The system of clause 27, wherein the 3D
bioreactor includes cell spheroids.

Clause 33. The system of clause 27, wherein the spheroids
include intestinal smooth muscle cells and intestinal epithe-
lial cells.

Clause 34. The system of clause 33, wherein the spheroids
form crypts.

Clause 35. The system of clause 27, wherein the 3D
bioreactor includes GFP-labeled human embryonic kidney
cell line (HEK 293).

Clause 36. A system for studying a microbiome, compris-
ing a 3D bioreactor, wherein the 3D bioreactor includes cells
incorporated into a gel.

All references, including publications, patent applica-
tions, patents, and code cited herein are hereby incorporated
by reference to the same extent as if each reference were
individually and specifically indicated to be incorporated by
reference and were set forth in its entirety herein.

The use of the terms “a” and “an” and “the” and similar
referents in the context of describing embodiments (espe-
cially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by con-
text. The terms “comprising,” “having,” “including,” and
“containing” are to be construed as open-ended terms (i.e.,
meaning “including, but not limited to,”) unless otherwise
noted.

Recitation of ranges of values herein are merely intended
to serve as a shorthand method of referring individually to
each separate value falling within the range and each end-
point, unless otherwise indicated herein, and each separate
value and endpoint is incorporated into the specification as
if it were individually recited herein.

All methods described herein can be performed in any
suitable order unless otherwise indicated herein or otherwise
clearly contradicted by context. The use of any and all
examples, or exemplary language (e.g., “such as”) provided
herein, is intended merely to better illuminate the invention
and does not pose a limitation on the scope of the invention
unless otherwise claimed. No language in the specification
should be construed as indicating any non-claimed element
as essential to the practice of the invention.

Preferred embodiments of this invention are described
herein, including the best mode known to the inventors for
carrying out the invention. Variations of those preferred
embodiments may become apparent to those of ordinary
skill in the art upon reading the foregoing description. The
inventors expect skilled artisans to employ such variations
as appropriate, and the inventors intend for the invention to
be practiced otherwise than as specifically described herein.
Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims
appended hereto as permitted by applicable law. Moreover,
any combination of the above-described elements in all
possible variations thereof is encompassed by the invention
unless otherwise indicated herein or otherwise clearly con-
tradicted by context.
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The invention claimed is:

1. A bioreactor comprising:

a cylindrical body comprising a biocompatible material
formed to include a reactor region therein,

a first member extending into the reactor region a first
distance, the first member formed to include a plurality
of protuberances that extend from a surface of the first
member into the reactor region, and

a second member located spaced apart from the first
member and extending into the reactor region a second
distance that is generally less than the first distance of
the first member, the second member formed to include
a plurality of protuberances that extend from a surface
of the second member into the reactor region;

wherein the first member and the second member coop-
erate to form a first crypt region located between a
portion of the protuberances from the first member and
a portion of the protuberances of the second member,
and

wherein a multimaterial fiber extends through the body.

2. The bioreactor of claim 1, comprising a third member
located spaced apart from the first member to locate the
second member therebetween, wherein the third member
extends into the reactor region a third distance and the third
member is formed to include a plurality of protuberances
that extend from a surface of the third member into the
reactor region.

3. The bioreactor of claim 2, wherein the first distance and
the third distance are the same.

4. The bioreactor of claim 3, wherein the second member
and the third member cooperate to form a second crypt
region located between a portion of the protuberances from
the second member and a portion of the protuberances of the
third member.

5. The bioreactor of claim 4, wherein the first crypt has a
width D1 as measured by the distance between protuber-
ances of the first member and the second member and the
second crypt has a width D2 as measured by the distance
between the protuberances of the second member and the
third member, and D1 and D2 are different.

6. The bioreactor of claim 1, wherein the body comprises
plastic, resin, rubber, glass, or a combination thereof.

7. The bioreactor of claim 1, wherein the body comprises
bioink including extracellular matrix and cells.
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8. The bioreactor of claim 1, wherein the multimaterial
fiber is located between a base of the first member and a base
of the second member.

9. The bioreactor of claim 1, wherein the multimaterial
fiber is configured to detect at least one of pH, CO,, O,, cell
density, environmental stress, or temperature.

10. The bioreactor of claim 1, wherein the multimaterial
fiber is configured to enable peristaltic motion or microflu-
idic control.

11. The bioreactor of claim 1, wherein the protuberances
on the first member are evenly spaced apart from one
another.

12. The bioreactor of claim 1, wherein the protuberances
on the first member are not evenly spaced apart from one
another.

13. The bioreactor of claim 1, comprising a fold region
formed to include the second member and at least a portion
of the first member and a portion of the third member.

14. A bioreactor comprising:

a cylindrical body comprising a biocompatible material

formed to include a reactor region therein,

a first member extending into the reactor region a first
distance, the first member formed to include a plurality
of protuberances that extend from a surface of the first
member into the reactor region,

a second member located spaced apart from the first
member and extending into the reactor region a second
distance that is generally less than the first distance of
the first member, the second member formed to include
a plurality of protuberances that extend from a surface
of the second member into the reactor region; and

a fold region formed to include the second member and at
least a portion of the first member and a portion of the
third member;

wherein the bioreactor comprises a plurality of fold
regions that extend around a central axis so that a distal
end of a first member of a first fold region and a distal
end of a first member of a second fold member located
opposite the first fold member across the central axis
define a flow channel; and

wherein the first member and the second member coop-
erate to form a first crypt region located between a
portion of the protuberances from the first member and
a portion of the protuberances of the second member.
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