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ABSTRACT: Microorganisms do not work alone but instead Bacterial
function as collaborative microsocieties. The spatial distribution of microcosm

di erent bacterial strains (micro-biogeography) in a shared volumetric ’ ’ /

space and their degree of intimacy greatlgnges their societal

behavior. Current microbiological techniques are commonly focused

on the culture of well-mixed bacterial communities and fail to

reproduce the micro-biogeography of polybacterial societies. Here, vg / ’ ; = //
bioprinted ne-scale bacterial microcosms using chawsdnduced acteria =

by a printhead containing a static mixer. This straightforward 0
approach (i.e., continuous chaotic bacterial bioprinting) enables the Kenics printhead

fabrication of hydrogel constructs with intercalated layers of bacterial

strains. These multilayered constructs are used to analyze how the spatial distributions etb#wtérisoaial behavior. For

example, we show that bacteria within these biological microsystems engage in either cooperation or competition, depending on
degree of shared interface. The extent of inhibition in preaajoscenarios (i.e., probiopathogen bacteria) increases when
bacteria are in greater intimacy. Furthermore, Bsaberichia cdirains exhibit competitive behavior in well-mixed
microenvironments, whereas stable coexistence prevails for longer times in spatially structured communities. We anticipate t
chaotic bioprinting will contribute to the development of a greater complexity of polybacterial microsystems, tissue-microbiot
models, and biomanufactured materials.

KEYWORDS:bioprinting, Kenics, bacteria, chaotic, micro-biogeography

INTRODUCTION interior, the inner cells starve and interrupt the synthesis of
Microorganisms do not work alone but instead function ifmetabolites that are vital for their counterparts on the outside.

highly dynamic societies in which members collaborate and/&PiS dyngm(i)c leads to spatiotemporal variations in the bacterial
compete. A growing body of evidence demonstrates that tRemmunity:’ Similarly, the distribution and composition of
spatial distribution in microbial societies also mattdisro- human microbiota vary acrossedént body habitats:? In
biogeography, the spatial patterns of microbial communiti€gries and periodontal pockets, mosaic architectureds bio
through time and spatégreatly inuences the dynamics of emerge due to the presence of anaerobes in the interior and
microbial ecosystems. In turn, the emergence of any particudero-tolerant taxa on the exterior, creating hedgehog, corncob,
microgeography depends on gradients in the local micrand cauliower-like microstructures:? An improved under-
environment (i.e., variations in temperature, oxygen concegtanding of microbiota organization on teeth, for example, may
tration, pH, and nutrient$) that often are induced by the help in developing more €ient dental therapiEsin the gut,
concgrtgd acting of microorganisms. ~ the micro-biogeography is also very complex and dyhamic.
This interplay between micro-biogeography and societ@ye variety of symbiotic microorganisms coexist in digestive

functior_r has diverse exampl_es in nature. For ir_rstance, in et of mammals. Their interactions and their interplay with
plant kingdom, trees host microcommunities with structured

micro-biogeographies, such as lung lichens made of bactéernia;

algae, and fungi. Associations of algae and bacteria have Be&i§ved: November 23, 2020
observed in lichen cross sections, formingm3@ide  Accepted: April 28, 2021
interspersed lamelfagn bio Ims, bacteria form aggregates Published:May 12, 2021
made of mono- or polybacterial species that play distinct roles

according to their phenotyfdsWhen bacteria at the

periphery cause a depletion of available substrates at the
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Figure 1.Continuous chaotic bioprinting ofe-scale micro-biogeographies. (A) A single KSM element seen from two view angles. (B) lllustration

of a multilamellar pattern developed by the successive splitting and folding of bioinks at each mixing element. (C) Schematic diagram of tt
procedure for bioprinting and culture microcosms-contdi@rgusing a printhead equipped with 3-KSM elements. The outlet of the KSM
printhead must be immersed in the calcium chloride jJGaGltion. A cross-section of a printeér is shown. Scale bar: 500. (D)

Printheads containing drent numbers of KSM elements and representative micrographs of the micro-biogeographies produced. (E)

Quanti cation of the DSI at each micro-biogeogrdphp-value < 0.00In(= 3).

host cells play a crucial role in health and disease. However, ititerface has proven to be highly relévartNevertheless,
microbiota is notwell-mixetibut stratied and segregated to conventional microbiological culture techniques fail to
accomplish complex societal functiofs. generate these complex microarchitectures of bacteria and
Among the many factors that govern the degree dfubstrates, thereby limiting the study of tkete of spatial
interaction between drent organisms in a bacterial society,variations on the societal dynamics of microbial commun-
the extent of segregation or mixing and the degree of shaiitigs'**° One strategy to address this issue is to use
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Figure 2.Reproducibility and throughput of the lamellar microstructure. (A) Axial viemeopented using three KSM elements. Scale bar:

1000 m. (B) Cross-sectional cuts of the sabee at dierent lengths exhibit a conserved multilamellar pattern. Scale bar:(&)Mirror-

like projections of homologous lamellae marked by the same number (I and Il), and CFD simulation of the cross-sectional microstructure after
KSM elements (lll). (D) The individual and tota) @reas of red and black striations among seven cross-sectional cuts obtained experimentally.
Nonsignicant dierence (n.s.) gtvalue < 0.05n(= 7).

biofabrication techniques, such as bioprinting, micromoldingicrosystem. Werst demonstrate that bacterial viability
photolithography patterning, and miaidics-based manu- inhibition is strongly imenced by the degree of intimacy
facturing in microbiology. Hynes ef”ahccommodated between two distinct bacterial strains. We then show that even
spatially distinct aggregate€stherichia calid Salmonella  cells from the same species may exhibit competition,
entericausing a casting-based method and suggested trdgpending on their spatial distribution.
interactions in this consortium may beiémced by spatial
scales. Similarly, Chen efaised photolithography to create RESULTS AND DISCUSSION
patterns in adhesion polymers at a resolution ahlUhe Characterization of Spatial Distribution. Chaotic
patterns were subsequently used for spaechoring OE.  a4yection, daed as the continuous stretching and folding
coli at those locations, and the authors then monitoregt materials that yield a chaotaw, is extensively used in
bacterial crosstalk using a reporter gene activated by the highustrial mixing ‘when turbulence is either unfeasible or
cell concentration in neighboring fronts. Qian“étuaked an inappropriaté’ 2° Chaotic advection can be induced by, for
extrusion-based system to print diverse 3D geometries With@ample, a Kenics static mixer (KSMyhich is an
200 m resolution for biomanufacturing purposes. Latticearrangement of motionless helicoidal mixing elerfiantss(
shaped scalds containingSaccharomyces cerevigae 1A) xed in a cylindrical housing.
capable of a continuous synthesis of ethanol not possibl@ecenﬂy, our group reported thist use of chaoticows
when these organisms were cultured in solid layers. Thigoduced within a KSM for the continuous chaotic bioprinting
di erence presumably arose because the porosity of the lattiggdspatially organized cells at both high throughput (>1 m
scaolds facilitated mass transfer. However, often thesfin !) and high resolution 10 m).2>? Extrusion of two
technologies demand sophisticated equipment, are lal§ibinks through a printhead containing a KSM increases the
intensive, require technical expertise to be built or operatesumber of interfaces between them exponentially according to
or exhibit a modest throughput. the number of mixing elements ugédutre B). The printing

In this contribution, we show that continuous chaoticresolution of our technique, in terms of the thickness of the
bioprinting®*° is a versatile, costeetive, user-friendly, and internal lamellae, can be simply tuned by changing the number
high-throughput microbiology tool for creating bacteriabf KSM elements in the printhead. In addition, the number of
microsystems with a printing resolution of a few tens dhmellae generated can be calculated according to the model
micrometers. In addition, we show that our printed micro= 2", wheresis the number of lamellae amid the number of
cosms are alive, and dynamic eco-systems respond to K@M elements.
printed micro-biogeography; the degree of shared interfaceHere, we use continuous chaotic bioprinting to enable a
between two distinct microbial communities greatly matters farecise accommodation of bacterial communitieg-iscale
determine the dynamics of competition in the entiremultilamellar structures. These bioprinted constructs were
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Figure 3.Dynamics of the inhibition BEcherichia chyi Lactobacillus rhamnds@ (A) Cross-section of the micro-biogeographies containing
RFP-expressiffigy col(EcRFP; red) and LGG (black), chaotically printed using 1-, 3-, or 6-KSM elements (scalenpar{EBj00oculture

viability over a 12 h duration, normalized by the number of colony-forming units (CFUS) just after bioprinting. (C) SEM micrographs showing the
invasion of ECRFP neighborhoods by LGG, in constructs printed using 1- (1) and 3- (Il) KSM*gerakrs: 0.05%* p-value < 0.00%** p-

value < 0.00In(= 6).

then used to assess the impact of the degree of intimaleyge as 500m or as small as n (Figure D). We rst
between bacterial microclusters on their social behavior, @saracterized the spatial distribution of our bacterial micro-
evaluated in terms of cell-viability (viable cell counts). Outosms. To do this, we coextruded a suspension of red
simple printing setup consisted of a KSM printhead, theuorescent bacteria in pristine alginate ink (2% wi/v) with a
bioinks, a syringe pump, and a 2% atbl igure C). non uorescent pristine alginate ink (2% wi/v). The tight
This system enables the high-throughput fabricatitmeref  hydrogel mesh provided by the alginate hydrogel (pore size
shaped scalds 1 mm in diameter and containing striations awvalues lower than )**** constrains bacteria in the position
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at which they are initially bioprinted. This suggests that theuggests a paramount role as well for spatial positioning in
social behaviors observed in our bioprinted constructs arisebaterial societal behaviot> *’
a consequence of the interaction through solutesediin In our rst biological scenario, a recombiBartolistrain,
media and their local concentrations. engineered to produce a resbrescent protein (EcCRFP), and
Overall, we chaotically printed four edént micro- a nonrecombinart. rhamnosu8G (LGG) were used for
biogeographies: printheads equipped with 1-, 3-, 6-, or 1@wdeling a simpkd probiotic pathogen interplay. LGG is a
KSM elements produced constructs containing 2, 8, 64, apeobiotic thought to suppress overgrowth of pathogenic gut
1024 dened lamellae and a homogeneous microcosnbacteria through diverse mechanisms including interference
respectivelyHigure D). In principle, the 10-KSM element with pathogen adhesion, secretion of antibacterial compounds
printhead would render 1024 lamellae of On®thickness (i.e., lactic acid, antibacterial peptides, etc.), and stimulation of
accommodated in &er of 1 mm diameter. In this particular the host immune respori&e’

setup, the size of the bacteria (approximatety,2vhich was Prior to the bioprinting process, both bacteria were
larger than the average size of the striations, prevented thétivated for 24 h in fresh medium to achieve a maximum
generation of a layered microstructure. cell density. Each bacterial culture was then centrifuged and

We then established the degree of shared interface (DSI) glaced into a derent reservoir containing a mixture of sodium

a quantitative descriptor of intimacy between bacteriallginate and culture medium. We ensured the reproducibility
striations Figure E). The rationale behind the use of DSI of our experiments by adjusting the initial cell density of our
arises from the fact that the intermaterial interface ibioinks to an optical density (OD) at 600 nm of 0.1 and 0.025
exponentially incremented by chaotic adveécfionThe for ECRFP and LGG, respectively. These ODs rendered nearly
DSI was expressed as the ratio of the total length of thhe same number of colony-forming units (CFUs) for each
boundaries between lamellae andiieeperimeterfquation strain just after bioprinting (approximatelyx7 8 CFUs/

1). Figure E shows that printheads equipped with 1-, 3-, or 6mL). We printed micro-biogeographies using a printhead
KSM elements generate a DSI of 0.55, 2.3, or 3., equipped with 1-, 3-, or 6-KSM elements. These bacterial

respectively. constructs were cultivated over a 12 h duration at 200 rpm and
37°C in a mixture of LuridBertani (LB) and de Man, Rogosa
DSl and Sharpe (MRS) media (2:1, v/v), which had been

_ Total length of the boundaries between striations ( myletermined as suitable for the coculture in preliminary
perimeter of the cross section ( m) experiments. At least three mdependen"[ experimental runs
) were performed to evaluate each micro-biogeography.
After printing, we compared the microcosms printed using
Subsequently, we analyzed the reproducibility of the lamelfer 3-, or 6-KSM elements atedent time points using optical
microstructure along a printeber (Figure 2). Figure B microscopy and plate counting techniques. In all of the
shows cross-sectional cuts from the sanmdseadierent ~ Scenarios analyzedjorescence signals in the micrographs
distances and cams that the striation pattern is highly decreased steadily over tifig(re 2,). Figure SHepicts the
conserved throughout the whdler and that each red lamella uorescence intensity of ECRFP in these bacterial microcosms.
(Figure £, I) had an identical black counterp&itjre €, We further investigated this trend by assessing the viability of
I) in the same cross-section. This phenomenon can beoth ECRFP and LGG every 4 h by enumerating CFUs using
explained in terms of the self-similar nature of chaati; ~ the agar-plate method. As expected, the growth dynamics of
that is, the repetitive iteration on the same manifold ~ both ECRFP and LGG were uenced by DSIF(gure B).
throughout number of stretching and folding cy&i&sThis The EcRFP viability decreased by the same proportion in all
self-similarity between lamellae was also evident in simulatibe printed microcosms during thwst 4 h of cultivation.
results obtained using computationad dynamics (CFD)  However, after 12 h the inhibition of ECRFP by LGG was less
strategies to solve the Navitoke equations ofiid motion severe in the 1-KSM-fabricated constructs (DSI = @55
(Figure £, 11).?° We then analyzed a series of cross sectiongm) than in the 6-KSM-fabricated microcosms (DSI = 13.7
along the ber and calculated the individual area of m/ m;p-value <0.01). This suggests that the lowest DSI was
homologous lamellae and the cumulative area of the blagiore favorable than the higher ones for ECRFP culture. Results
and red lamellagrigure ®). We found that the area of the suggest that the competition mechanisms of LGG, which were
analogous lamellae, (i.e., the symmetric black and red lameitsstive or inecient at the lowest DSI, were triggered at a
in the same cross section) is practically equivalent. The areabigher degrees of intimacy with ECRFP, thereby inducing a
analogous lamellae at efient cross sections were also stronger inhibition of this prey. In fact, the proximity of
equivalent (variance cazent from 6 to 14%Gupplementary ~ competitors has been suggested to regulate toxin secretion or
Table ). The projected cumulative area of the black and reéhhibitors in bacterial communifiesVe also conducted
regions at each cross section was Gaguly similar. This control experiments whee coliand LGG were cultured
implies that both inks occupy the same amount of territorindependently or were mixed and cocultured in liquid or solid
(surface) in the scald; therefore, our bacterial strains would media Figure SB The results showed that LGG severely
be equally distributed when contained in a chaotically printédhibitsE. coligrowth in well-mixed liquid coculturégy(re
micro-biogeography. S4A. For instance, LGG outgrofscolin mixed cultures in
E. coliversus Lactobacillus rhamnosusGG.Communi- solid media and occupies 90% of the area of solid cocultures in
cation and/or synchronized behavior in bacterial communitie®t h (Figure S4B however, no characteristic spatial patterns
are often conceived as phenomena that mainly depend on #re distinguishable in these cultures. By contrast, chaotic
cell density and diversity of the species within théioprinting enables the fabrication and coculture of prede-
community:*** However, a growing body of evidence signed structured communities wittedint DSI.
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Figure 4.Growth dynamics of tHe. coliconsortia. (A) Cross-section of micro-biogeographies containing EcRFP (red) and EcGFP (green),
chaotically bioprinted using 10-, 6-, 3-, or 1-KSM elements (scale ba}. $B) Viability of ECRFP and EcGFP for 48 h, normalized by the
number of CFUs just after bioprinting)( One plot per micro-biogeographyvalue < 0.05* p-value < 0.00%** p-value < 0.00In(= 6).

Our observations are consistent with recent literature. Sotigs bacterial species exhibits an enhanced persistence when its
et al’® assessed the capability of microencapsulated LGG taicrocolonies are placed far away from its enemy and, in
either disrupt or inhibit bitms formed b§. coliExponential  particular, at the periphery of the microlandétape.
reduction of the bidm was observed as early as 4 h of The dependency between DSI and bacterial competition can
coculture. In addition, the authors found that the 3D-be explained in terms of mass transfer arguments. Bacteria use
microenvironment stimulated the release of inhibitoryoth contact-dependent and independent competition mech-
molecules by LGG, thereby reducing the transcriptionanismé? ** In the rst case, a bacterium secretes toxic
activation of thduxS quorum-sensing pathway En coli. substances directly into the cytoplasm of a member of a
Analogous reports using the same [regoji but a di erent di erent species; contact is therefore mandatory and DSI is
predator (i.e.Bdellovibrio bacteriovprhave suggested that directly relevant. In the second case, bacteria secrete
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specialized metabolites thatide into the microenvironment, even within the same speties;” if they exhibit slightly
where they interfere with the metabolism of susceptibleéi erent spect growth rates. In particular, recombiRanbli
microbial individuals. Distance is also relevant here sinsgains derived from the same original strain may exhibit
di usion is inversely proportional to the square root otli erent spect growth since the expression ofemint
distancé® DSl is also highly relevant, sinceislive processes proteins is associated withedent metabolic burdeti€Even
occur more ectively across structures with high perimeter-toei erences in the plasmid copy number of&wolistrains,
area ratios. Chemical and physical gradients at the logabducing the same recombinant protein, may lead to
microenvironment play important roles in the dynamics ofignicant dierences in growth ratés? Indeed, ECRFP
mixed bacterial communities, so they mighteirce gene grows statistically faster than EcGFP in liquid medium
expression and, consequently, growth dyriéffiitssdeed,  cocultures conducted by conventional metteidsre S3A
spatial distribution has been suggested as a key driver of ggag S5A )l Here, we challenged our biofabrication system to
expression due to the microscale concentratieremttes at  assess its usefulness to recapitulate these delicate dynamics.
distinct locations within a microbial consortitff’ In this set of experiments, we included a well-mixed
Furthermore, spatial segration may mitigate the microcosm printed using a 10-KSM element printhead in
proliferation of spedi bacterial species due to changes inaddition to the segregated microgeographies printed with 1-, 3-
local concentrations of signaling molectfésMicro-  and 6-KSM elements. In all the printed micro-biogeographies,
biogeographies printed using a 1-KSM printhead provide€cRFEP and EcGFP exhibited increasetkscence intensity
only one fro_ntier for (_:ompetition allowing a safer establishyom 0 to 12 or 24 h, and a subsequent decrease after 48 h of
ment of microcolonies far away from the battlefrontstivation Figure A). Figure S2depicts the changes in

Consequently, the survival outcome in this microcosm may,grescence intensities for ECRFP and EcGFP over time.
be mainly inuenced by the lethality of contact-independentyioreover, the quantiation of the total number of CFUs,

weapons. _ o _ . using the agar-plate method, revealed that the cooperation/
The uorescence intensity in the 1-KSM-fabricated MICrOompetition dynamics irhe community was strongly

cosms dec_reased near the shared border aftérid@rh @). in uenced by the DSI between its membEisu(e B).

In'fact, Figure &, shows that. much of th’? E(.:R'.:P Figure 4hows the time evolution of the populations of ECRFP

neighborhood (smooth layer showing small colonies; |nd|cat%§€d ECGFP, expressed as the natural logarithXgn(

with white arrows) was mv_aded by_LGG_(coarser Iayer). Th\?/ ere the populations have been normalized with respect to

trend was also observed in the micro-biogeographies printed, “initial population of each strai)( We observed a

using a 3-KSM printhealigure € II). ronounced
o . : prevalence of ECRFP over EcCGFP throughout
In addition, LGG experienced a stunted growth during th ultivation in the 10-KSM-mediated microcosm, that is, the

rst 8 h when cocultured in 0.55n/ m DSI micro- well-mixed micro-biogeographyyvdlue < 0.001). Similarly,

biogeographies (fabricated using a 1-KSM printhead) wh A ,
compared to growth in microcosms printed with 3- and 6—KS%1CRFP signcantly outcompetes ECGFP in cocultures
erformed on agar plates by conventional methaglsd

printheadspvalue < 0.001). This trend was also noticed at 1 :
3 and SHBas EcRFP occupies more than 60% of the area of
h (pvalue < 0.05value < 0.01). The lactate produced by cocultures conducted on solid media after 24 h. In contrast, a

LGG is also noxious its&liHigh local concentration of this tained th of both strai b 4 in th
metabolite may have contributed to a slowing down of thau's alnet dgrt_)w 0 Oh' slraltr;]s 6W2§MO lservet n h ed
proliferation of LGG since this lactate-producing strain wag,J'¢9ated microgeograpnies. in the 6- element printhea

con ned in a single lamella. microcosm, both strains grew at equal proportoms ¢ 4.

In conclusion, this probiotipathogen model scenario BOth. ECRFP and ECGFP reached a peak of growth at 12 h
demonstrates that the inhibition dynamics was great ith an average magnltude. S|m|Iar to the highest viability of
dependent on the DSI between ECRFP and LGG. iy cRFP in the well-mixed micro-biogeography:(8.1 and
may have relevant implications. A high number of viable LG&4% 0.2 log units, respectively). Subsequently, both strains
cells have been suggested to represent a determining facto@XRibited a death phase starting after 24 h of cultivation. In a
the e ectiveness of medical interventions using this probiotRimilar fashion, when the microcosm was chaotically printed
strair® Therefore, studies that use LGG to suppress obSiNg 3-KSM elements, both EcRFP and EcCGFP grew
control the growth of other microorganisms (i.e., those relaté&fiuitably and steadily for 12 h of cultivation and exhibited a
to the activity of LGG against pathogenic bacteria) shouldeath phase after 24 h. Nevertheless, the average peak of
consider that micro-biogeography may play paramount rol@&wth was higher in the consortium printed using 3-KSM
both in the inhibition dynamics of the prey and in the€lements than using 6-KSM elements{33 vs 3.% 0.1
proliferation of LGG. log units, respectively).

E. coli versus E. coli In our second proof-of-concept  This trend was also observed at 24 h in constructs printed
scenario, the sante colistrain used above (ECRFP) was using either 3- or 6-KSM elements £2(62 and 1.2 0.2 log
bioprinted with anE. colistrain that produced a green units, respectively). Therefore, a smaller DSIr{2.3n) was

uorescent protein (ECGFP). Ast sight, and considering the more favorable for the coexistence oEtt@lstrains than a
similarity between the weapons of these two bacterial armiggger DSI (13.7m/ m) in terms of growth dynamics.

(both share practically the same genetic load), we would notlnterestingly, in the micro-biogeography printed using 1-
expect any erce competition between them. Indeed, theKSM element (0.55m/ m DSI), neither ECRFP nor ECGFP
growth curves of monocultures of ECRFP and EcGFP aexhibited a death phase at 24 h. Instead, a continued stationary
remarkably similar in control experiments performed usirgyowth phase was evidefigiire 8). The absence of a
conventional culture techniques in liquid meéigufe stationary growth phase in the 3-KSM- and 6-KSM-fabricated
S5A)). However, various factors, such as limited space amticrocosms Kigure 8) suggests that the depletion of
resources, may lead to competition among bacterial straisgpstrate (or the production of inhibitory byproducts)
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occurred sooner in these micro-biogeographies than in tih&o microorganisms at a wide range of spatial scales, where the
fully segregated ones (printed using 1-KSM element). DSl is a key factor that ¢hees competition or cooperation.

In our system, the degree of competition among our We present two series of proof-of-concept scenarios to show
segregated societies appears to be lower in sedgtegaied that this microfabrication technique is useful to create bacterial
societies than in completely mixed microcosms. Our results a@mmunities with controlled micro-biogeographies that derive
consistent with several recent reports that indicate a highiarlogical competition or cooperation outcomes. Continuous
stability in partially segregated communities. For example, ttieaotic bioprinting may be an enabling platform in microbial
creation of a single shared interface enabled the culture of teology and related scientields that will allow the creation
E. coliconsortia for a longer time than when homogeneouslgf spatially controlled living microsystems, which exhibit
mixed microenvironments were Gsdd.silicomodels have customizable degrees of segregation/interaction, at high
suggested that well-mixed microenvironments result in mopenting resolution. Indeed, one strategy used to promote
complex interactions betwéercolstrains than do segregated cooperation in a microbial consortium is to create segregation
systems for supporting coexistéhsimce individual bacteria by controlling the spatial position of the microorgan-
sense genetic relatedness in their surrounding counterpartssims’>"°">° However, spatial patterning may not be suitable
order to establish or avoid cooperatiBhExperimental data  in specic cases, for example, when interstrain communication
have also shown that harmonious coexistence bEtveedin  is required for ecient biosynthesis,auxotrophy§? or gene
strains is disrupted in well-mixed microcosms. transfef?

Our results also suggest that in segregatedli E. coli We envision the utility of chaotic bacterial bioprinting for
microcosms the lowest DSI results in more stable micrdhe development of customized microcosms in the analysis, for
systems. As more interfaces exist between the segregateaimple, of the ects of micro-biogeography on the microbial
regions, the long-term stability of the community istranscriptome or gene transfer. We anticipate that this might
compromised. While societies fabricated using a printhehdve great relevance to the design of probiotic interventions
with 6-KSM elements reached their peak population in 12 &and the understanding of the interplay betweesredi
and then declinedp{value < 0.05), societies that shared 1species in complex ecosystems such as the gut, the oral cavity,
order of magnitude less interface reached aaighy higher  or the skin. Implications of spatial segregation to phenomena
population peak during the same time and remained a stalsiech as antibiotic resistafitémay be rigorously studied in
society for 12 additional hours. Note also that the rate afhaotically bioprinted systems. Tailored design of microbial
growth is signcantly lower in the microcosms fabricated withcommunities capable of orchestrating the synthesis of high-
6-KSM elements than in the ones printed using 3 elementsvalue molecules may also be an additional and attractive

Overall, these results show that the condition where lessitcome of continuous chaotic bacterial bioprinting.
competition occurs between bdih colistrains is the
completely segregated scenario (fabricated using 1-KSM), MATERIALS AND METHODS
followed by the partially segregated cases (where the growth . . . . -
curve of both strains are essentially similar but no stationary_""ting Setup. In general, our continuous chaotic printing
hase was achieved). The well-mixed case is the least favorg fem consisted of a commercial syringe pump Fusion 200 (Chemyx,
P . %rd, TX, U.S.A)) loaded with 5-mL sterile syringes, sterile plastic
of all the scenarios explored. We conducted a new set \jses, a disinfected printhead containing acspeenber of KSM
experiments where we monocultured and coculturedtheseelements Kigure T,D), and a ask containing 2% aqueous gaCl
coli strains in liquid and solid media using conventionalSigma-Aldrich, St. Louis, MO, U.S.A.). The KSM printheads were
microbiology techniques. Similarly, in these experiments thented on a Form 2 SLA 3D printer (FormLabs, Somerville, MA,
competition between boa colistrains is evident in well- U.S.A.) using a standard resin (Clear FLGPCL04, FormLabs). We
mixed coculture scenaridsoUre Sp used the design parameters reported in our previous confﬁmtion

In silicanodels oE. colhave suggested that cells at the edgestablish a printhead outlet diameter of 1 mm. We used printheads
of a bacterial patch are in charge of expanding their territo th an internal diameter of 5.8 mm. The length and diameter of a

. . . ngle KSM element were 8.7 mm and 5.8 mm, respectively.
boundaries, whereas cells at the interior playedi roles,

A Bacterial Strains and Culture Conditions. We assessed the
such as cross-feedingherefore, the edges of the colony arejneraction between pairs of strains, namelE.anolistrain

zones of potential stress, where ECRFP and ECGFP competgrgineered to produce redorescent protein (ECRFP) and LGG
expand their territories. (ATCC 53103) or a disting. colstrain engineered to produce green
We found that the growth dynamics in dur coli uorescent protein (ECRFP). Using conventional microbiological
consortium can be controlled by simply switching the DShethods, werst cultured pairs of strains (ECRFP and LGG or ECRFP
from 13.7 to 2.3 or to 0.55n/ m, thereby facilitating the and EcGFP) in liquid medigFigure S3Ain monoculture or
emergence of a stationary growth phase whenever neces&&fylture kigure SSBLGG (ATCC 53103) was grown in de Man,

; ; g ogosa, and Sharpe (MRS) medium (Merck, Darmstadt, Germany).
Th's _stralghtfo_rward ap_proa(_:h magt powerful appllqatlons A mixture of LuriaBertani (LB) and MRS media (2:1, v/v) was used

in bioproduction engineering. and . synthetic b'°'°9V 8%r the coculture of ECRFP and LGG in liquid media. This mix was

segregated ecosystem diversity might make possible rmined to be suitable for the coculture in preliminary experi-

synthesis of added-value compounds and highly complggntsE. colistrains expressing either RFP or GFP were separately

materials even without redesigning metabolic pa%ﬁ’\%/f‘&ys. cultured in LB medium (Sigma-Aldrich) containingL/mL of
chloramphenicol to retain the recombinant plasmid. We conducted
CONCLUSIONS conventional plate counting to determine the number of viable

. . . . . hacteria at derent time points and produced growth curves for
In this study, we introduce continuous chaotic bacterlqliLonocu|ture and colture scenarios. FoE. coliand LGG

bioprinting as a practical and coseéve tool to fabricate  eyneriments in liquid media, efential counting was done by
micro-biogeographies with an unprecedented resolution aB@ituring in MRS or LB media. MRS medium supports the growth of
throughput. To our knowledge, this is th& report that GG but not ofE. coli Conversely, LB medium is designed to
investigates the growth dynamics of microcosms composeccofivate recombinaf colistrains but lacks some of the nutrients
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required for the growth of LGG. In the case of ECRFP and EcGF0% and 400 ms for the EGFP channel, and 60% and 800 ms for the
experiments, bacterial colonies were discriminated by the color of R®X channel. A stitching algorithm, included in the microscope

uorescent protein that they produce. software (Zen Blue Edition, Zeiss), was used for producingdide-
In additional control experiments conducted in solid media, EcCRRRicrographs.
and LGG or EcRFP and EcGFP west monocultured in liquid Characterization of Microarchitecture. The DSI of each micro-

media for 12 h at 3TC with shaking agitation at 100 rpm, mixed in biogeography was estimated accordimg| tb The measurements

equal proportions, and plated in solid media. The area coveragewsre performed using ImageJ software by Fiji. The results were
each strain was determined using ImageJ software after 24 h of culexpressed as the average of three independent micrographs per micro-
at 37°C. biogeographyn(= 3).

Bioink Preparation and Printing Experiments. Bacterial We evaluated the reproducibility of the lamellar microstructure by
cultures were grown in distinct reservoirs for 24 h & ®eéfore calculating the area of each black or red striation using ImageJ
printing experiment&. colistrains expressing either RFP or GFP software. Once the scale bar was set, each lamella was surrounded
were separately cultured in LB medium (Sigma-Aldrich) containingusing the freehand selection tool. The average of seven cross-sectional

L/mL of chloramphenicol to retain the recombinant plasmid. LGGcuts f1 = 7) was reported. In addition, the total area of either red or
(ATCC 53103) was grown in MRS medium (Merck, Darmstadtblack lamellae in the cross-section was expressed as the sum of
Germany). individual measurements.

Bioinks were prepared following the following general protocol: Scanning Electron Microscopy (SEM).Scanning Electron
approximately 10 mL of each bacterial culture was centrifuged at 80droscopy (SEM) images were obtained using a variable pressure
rpm for 10 min. The supernatant was discarded, and the pellet wasanning electron microscope EVO/MA25 (Zeiss).yBipeinted
resuspended in 2% sterile alginate solution (Sigma-Aldrichlers were sequentially incubated with 4% formaldehyde and 4%
supplemented with suitable culture medium (i.e., 2% LB broth fgraraformaldehyde for 15 min each and then washed with PBS. The
ECcRFP or EcGFP, and 5.22% MRS broth for LGG). bers were then successively dehydrated in an ethanol gradient (i.e.,

In E. coliversus LGG experiments, the initial cell density of theusing 25, 50, 75, and 95% ethanol in water) for 1 h. The samples were
bioinks, in terms of optical density, was adjusted to 0.025 and QHen coated with gold and visualized at high vacuum mode.
absorbance units for LGG and EcRFP, respectielgoliersug. Computational Simulation. Computational uid dynamics
coliexperiments, prior to the bioprinting process, both ECRFP ansimulation was implemented using ANSYS Fluent 2020 software.
EcGFP were cultivated in fresh medium for 24 h. Pellets of thEhe 3D geometry of the system was discretized usiegresh of
bacteria where suspended in sodium alginate, and the initial cegihngular elements, and a meshamment procedure was conducted
density of each bioink was adjusted to an optical density of 0.th ensure convergence of results. Using this mesh, the Stakis
measured at 600 nm. Subsequently, each bioink was deposited iegaations of motion were solved at each node in laminasing a
distinct sterile syringe and connected to a KSM printhead. Theansient state implementation.uid density of 1000 kg fhand a
bioinks were coextruded at @w rate of 1.5 mL/min at room viscosity of 0.1 kg m'svere usetf*® No-slip boundary conditions
temperature while the printhead outlet was immersed in a 2% Ca@lere imposed in thesid ow simulations.
solution. Bacteria-laden constructs were cultured in 6-well platesStatistical Analysis.All statistical analyses were performed using
containing 3 mL of MRS-LB (1:2) medium Eorcoliversus LGG GraphPad Prism 8. Biological data were presented as theSiean
micro-biogeographies or LB medium Eor coliversusg. coli from at least six bacterial construtts ). On the basis of two-way
experiments. All bioprinting experiments were performed asepticalyalysis of variance (ANOVA) and Tukey multiple comparisons,
inside a laminarow cabinet, and the bacteria-ladbars were di erences between data were considered statisticattprsigtip-
cultivated in suitable growth media &@While shaking at 100 rpm.  value < 0.05%* p-value < 0.01, df* p-value < 0.001.

The number of CFUs was assessed by disaggregating and
homogenizing 0.1 g of sample in 0.9 mL of phosphateethu
saline (PBS). A 100L aliquot of homogenized sample was ASSOCIATED CONTENT
sequentially diluted in PBS. Sequential dilutions were seeded *ri Supporting Information

duplicate on Petri dishes containing MRS-agar or LB-agar mediuf,q Supporting Information is available free of charge at

The collected data was multiplied by the dilution factor an . ; ; ;
normalized by the initial number of CFU in constructs (i.e., Viab%]ttps.//pubs.acs.org/d0|/10.1021/acsb|omater|als.0(;01646

cell count just after bioprinting). The results were depicted in Comparison of the surface area of analogous striations;
logarithmic scale. Then, cell count over time was expressed as the |,5rescence intensity (FI) of ECRFP in coculture with
ratio of the cell densityX) at each speda time point and the initial LGG for 12 h: El of ECREP and ECGEP in coculture for

cell density Xo). The magnitude oK is equal toX, at 0 h of . . - X
cultivation; then, the natural logarithm X)) is zero for every 48 h; schematic representation of the methodologies

experimental treatmenfFigure B). At least six independent used to assess coculture growth in liquid and solid
constructs were analyzed at each time point. media; analysis of ECRFP-LGG growth in liquid and
Microscopy Analyses.For microscopy observation, the printed solid media; analysis of ECRFP-EcGFP growth dynamics

laments were placed in 6-well plates loaded with 3 mL of culture  in liquid and solid medi&DP
medium per well. All of the samples were cultured &@ 8Wth
shaking at 100 rpm. At each time point of observdtiorents from
at least two wells were transferred to Petri dishes containing PBS for AUTHOR INFORMATION
subsequent imaging. Cross-sectional co® (m in height) of the
laments were placed on a glass slide. Distilled wat®m@s then Corresponding Authors
added on top of each sample to prevent d_ehydration. This procedureGrissel Trujillo-de SantiagoCentro de Biotecnologia-
was repeated at each sampling time ukingents taken directly FEMSA and Departamento de Ingenieria Mecatronica y
from the 6-well plates. _ _ Eléctrica, Escuela de Ingenieria y Ciencias, Tecnologico de
bThe mlcroarchltecéure_andoresAce_ncgbof the C;I:?Otl(_:a”y prlnte((1Z ___Monterrey, Monterrey, Nuevo Leon 64849, México:
ers was assessed using an Axio Observer.Z1 microscope (Zeiss, . I
orcid.org/0000-0001-9230-46Email:grissel@tec.mx

Germany) equipped with Colibri.2 LED illumination and an : - . ;
Apotome.2 system (Zeiss). The channels useduoescence Mario Moigs Alvarez Centro de Biotecnologia-FEMSA and

imaging were enhanced greemrescent protein (EGFP) and Departamento de Bioingenieria, Escuela de Ingenieria y
carboxy-X-rhodamine (ROX) for capturing green and red signals, Ciencias, Tecnologico de Monterrey, Monterrey, Nuevo Leon
respectively. Theuorescence intensities and exposure times were 64849, Méxic&mail:mario.alvarez@tec.mx
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