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(57) ABSTRACT

High capacity, low cost devices for use in growing mon-
ocultures of novel, previously unknown microbial species
contain adhesive layers with wells covered by nanoporous
membranes. The devices are placed in natural environments
for cultivation of unknown microbial species.
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DEVICE FOR HIGH THROUGHPUT
ISOLATION AND CULTIVATION OF
MICROBIAL SPECIES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This is a divisional application of U.S. application
Ser. No. 17/228,528, filed 12 Apr. 2021, which claims
priority to U.S. Provisional Application No. 63/008,621,
filed 10 Apr. 2020. Each of the aforementioned applications,
is incorporated by reference herein in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under Grant Numbers HG005816 and DE020707 awarded
by the National Institutes of Health, Grant Numbers
1203857 and 1650186 awarded by the National Science
Foundation, and Grant Number WO911NF-19-C-0008
awarded by DARPA. The government has certain rights in
the invention.

BACKGROUND

[0003] Microbial discovery in the environment and in the
human microbiome has uncovered only a small part of
existing microbial diversity. The majority of environmental
microbes and the microbiome remains undiscovered and
includes unexplored species. Typical microbial cultivation
techniques have failed to isolate and grow the majority of
microbial species growing in diverse environments. Oppor-
tunities to discover new microbes in the biosphere would
benefit from new techniques and devices for microbial
cultivation capable of isolating and cultivating previously
unexplored microbial species.

SUMMARY

[0004] The present invention provides high capacity, low
cost devices for use in growing monocultures of novel,
previously unknown species of bacteria or other microbial
species in their natural environments. The devices can be
mass produced using inexpensive materials and conve-
niently assembled and loaded with environmental cells
targeted for implantation in natural environments for culti-
vation.

[0005] The present invention can be further summarized
by the following list of features.

[0006] 1 A device for cultivation of microbial cells in
contact with an environment, the device comprising:
[0007] an adhesive layer;

[0008] a first removable protective layer in contact
with a first side of the adhesive layer; and

[0009] asecond removable protective layer in contact
with a second side of the adhesive layer;

[0010] wherein the adhesive layer, the first protective
layer, and the second protective layer form a planar
composite structure; and

[0011] wherein the composite structure comprises a
plurality of holes penetrating through the adhesive
layer, a longitudinal axis of the holes disposed sub-
stantially perpendicular to a plane of the composite
structure.
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[0012] 2. The device of feature 1, wherein the plurality
of holes penetrate through the first protective layer, the
adhesive layer, and the second protective layer.

[0013] 3. The device of feature 1 or feature 2, wherein
the holes have a diameter in the range from about 100
microns to about 3000 microns.

[0014] 4. The device of any of the preceding features,
wherein the device comprises 96, 384, or 1536 holes.

[0015] 5. The device of any of the preceding features,
wherein the adhesive layer has a thickness of from
about 50 microns to about 100 microns.

[0016] 6. The device of any of the preceding features,
wherein the adhesive layer has a melting point higher
than about 121° C.

[0017] 7. The device of any of the preceding features,
wherein the adhesive layer comprises a silicone adhe-
sive or a synthetic rubber adhesive.

[0018] 8. The device of any of the preceding features
which is sterile and packaged to maintain sterility until
use.

[0019] 9. A kit comprising the device of feature 1 and
one or more nanoporous membranes.

[0020] 10. The kit of feature 9, wherein the one or more
nanoporous membranes comprise nanopores having a
diameter in the range from about 10 nm to about 50 nm.

[0021] 11. A device for cultivation of microbial cells in
contact with an environment, the device comprising:
[0022] a rigid support layer;

[0023] a first adhesive layer in contact with a first
side of the support layer and a second adhesive layer
in contact with a second side of the support layer;

[0024] a first removable protective layer in contact
with the first adhesive layer on a side opposite the
support layer and a second removable protective
layer in contact with the second adhesive layer on a
side opposite the support layer;

[0025] wherein the support layer, the first adhesive
layer, the second adhesive layer, the first removable
protective layer, and the second removable protec-
tive layer form a planar composite structure; and

[0026] wherein the composite structure comprises a
plurality of holes penetrating through the composite
structure, a longitudinal axis of the holes disposed
substantially perpendicular to a plane of the com-
posite structure.

[0027] 12. The device of feature 11, wherein the plu-
rality of holes penetrate through the first protective
layer, the first adhesive layer, the support layer, the
second adhesive layer, and the second protective layer.

[0028] 13. The device of feature 11 or feature 12,
wherein the holes have a diameter in the range from
about 100 microns to about 3000 microns.

[0029] 14. The device of any of features 11-13, wherein
the device comprises 96, 384, or 1536 holes.

[0030] 15. The device of any of features 11-14, wherein
the first and second adhesive layers each have a thick-
ness of from about 50 microns to about 100 microns.

[0031] 16. The device of any of features 11-15, wherein
the first and second adhesive layers each have a melting
point higher than about 121° C.

[0032] 17.The device of any of features 11-16, wherein
the first and second adhesive layers each comprise a
silicone adhesive or a synthetic rubber adhesive.
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[0033] 18. The device of any of features 11-17 which is
sterile and packaged to maintain sterility until use.
[0034] 19. Akitcomprising the device of any of features

11-18 and one or more nanoporous membranes.

[0035] 20. The kit of feature 19, wherein the one or
more nanoporous membranes comprise nanopores hav-
ing a diameter in the range from about 10 nm to about
50 nm.

[0036] 21. A method of cultivating microbial cells in
contact with an environment, the method comprising
the steps of:

[0037] (a) providing the device of any of features 1-8
and a liquid suspension suspected of containing
microbial cells obtained from an environmental
sample;

[0038] (b) removing the first removable protective
sheet from the device;

[0039] (c) replacing the first removable protective
sheet with a first nanoporous membrane, wherein the
first nanoporous membrane comprises a plurality of
nanopores having diameters smaller than the micro-
bial cells, and wherein the plurality of holes are
sealed to form wells with the first nanoporous mem-
brane forming bottoms of the wells;

[0040] (d) removing the second removable protective
sheet;

[0041] (e) adding aliquots of the liquid suspension to
the wells;

[0042] () placing a second nanoporous membrane on
the adhesive where the second removable protective
sheet had been, thereby sealing the wells, wherein
the second nanoporous membrane comprises a plu-
rality of nanopores having diameters smaller than the
microbial cells; and

[0043] (g) placing the device into an environment
suspected of supporting growth of the microbial
cells, whereby a culture of microbial cells grows in
one or more of the wells.

[0044] 22. The method of feature 21, further comprising
diluting the liquid suspension suspected of containing
microbial cells so that a volume of the diluted suspen-
sion that fills a single well formed in step (c) contains
about one microbial cell.

[0045] 23. The method of feature 21 or feature 22,
further comprising, after step (g), removing the device
from the environment suspected of supporting growth
of the suspected microbial cells, and collecting micro-
bial cells from one or more wells of the device.

[0046] 24. A method of cultivating microbial cells in
contact with an environment, the method comprising
the steps of:

[0047] (a) providing the device of any of features
11-18 and a liquid suspension suspected of contain-
ing microbial cells obtained from an environmental
sample;

[0048] (b) removing the first removable protective
sheet from the device;

[0049] (c) replacing the first removable protective
sheet with a first nanoporous membrane, wherein the
first nanoporous membrane comprises a plurality of
nanopores having diameters smaller than the micro-
bial cells, and wherein the plurality of holes are
sealed to form wells with the first nanoporous mem-
brane forming bottoms of the wells;
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[0050]
sheet;

[0051] (e) adding aliquots of the liquid suspension to
the wells;

[0052] (f) placing a second nanoporous membrane on
the adhesive where the second removable protective
sheet had been, thereby sealing the wells, wherein
the second nanoporous membrane comprises a plu-
rality of nanopores having diameters smaller than the
microbial cells; and

[0053] (g) placing the device into an environment
suspected of supporting growth of the microbial
cells, whereby a culture of microbial cells grows in
one or more of the wells.

[0054] 25.The method of feature 24, further comprising
diluting the liquid suspension suspected of containing
microbial cells so that a volume of the diluted suspen-
sion that fills a single well formed in step (c) contains
about one microbial cell.

[0055] 26. The method of feature 24, further compris-
ing, after step (g), removing the device from the
environment suspected of supporting growth of the
suspected microbial cells, and collecting microbial
cells from one or more wells of the device.

[0056] As used herein, the term “about” refers to a range
of within plus or minus 10%, 5%, 1%, or 0.5% of the stated
value.

[0057] As used herein, “consisting essentially of” allows
the inclusion of materials or steps that do not materially
affect the basic and novel characteristics of the claim. Any
recitation herein of the term “comprising”, particularly in a
description of components of a composition or in a descrip-
tion of elements of a device, can be exchanged with the
alternative expression “consisting of”” or “consisting essen-
tially of”.

(d) removing the second removable protective

BRIEF DESCRIPTION OF THE DRAWINGS

[0058] FIG. 1 depicts an embodiment of a device and
process for high throughput screening of environmental
microorganisms.

[0059] FIG. 2 depicts an embodiment of a device and
process for high throughput screening of environmental
microorganisms.

[0060] FIGS. 3A-3F depict an embodiment of a method of
using a microbial culture device according to FIG. 2 for
isolating monocultures of microorganisms from an environ-
ment. FIG. 3A shows the device as presented to the user.
FIG. 3B shows the device being dipped into and filled with
a dilution of environmental microbes in molten agar. FIG.
3C shows the removal of a protective sheet from the
adhesive layer on one side of the device. FIG. 3D shows a
nanoporous membrane being bound to the exposed adhesive
layer. FIG. 3E shows removal of the contents of a growth
chamber after growth in an environment. FIG. 3F shows a
manifold for high throughput recovery of growth chamber
contents from a device using a microtiter plate format.

DETAILED DESCRIPTION

[0061] The present invention provides high capacity, low
cost devices for use in growing monocultures of novel,
previously unknown species of bacteria or other microbial
species in their natural environments. The devices can be
mass produced using inexpensive materials and conve-
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niently assembled and loaded with environmental cells
targeted for implantation in natural environments for culti-
vation.

[0062] FIG. 1 depicts a first device 10 (“flexible embodi-
ment”) as provided to the user. The device 10 contains a
center layer of adhesive 1 covered by outer layers 2 on both
sides of the adhesive layer. The outer layers serve as
protective layers for the adhesive and can be peeled away by
the user. All three layers can be perforated by a plurality of
holes 4, and each hole in the adhesive layer serves as an
incubation chamber or well. In another configuration, the
outer layers are not perforated by the holes. The holes can of
any desired size, such as about 100 to about 3,000 microns
in diameter. The diameter of the wells can be selected, for
example, according to whether visual inspection of the wells
is desired, and according to the desired magnification pre-
ferred for any inspection. The number of holes (wells) can
be any number, but is preferably 96, or 384, or 1536, or any
fraction thereof. For example, the number of wells can
correspond to the format of standard microtiter plates, or a
portion thereof (e.g., a fraction of the plate such as one-half,
one-third, one fourth, or one-fifth of a plate, or a selected
number of adjacent wells, rows, or columns of the plate), to
which cultures can be transferred and used for subsequent
subculturing, including by automated equipment.

[0063] The central adhesive layer 1 can be any suitable
adhesive. Examples are silicone adhesive or synthetic rubber
adhesive materials, such as 3M 1567. Such adhesives are
commercially available as films with protective sheets cov-
ering both surfaces, making them well suited for use in the
present invention. The protective sheets, or release sheets,
are designed to protect the surfaces of the adhesive layer
from adhering to undesired objects; the protective sheets can
be made of thin paper or plastic such as, for example
polyester or polyethylene terephthalate (PET). The adhesive
layer is preferably non-toxic and non-inhibiting to the
growth and culturing of microorganisms. The adhesive layer
can be about 10 microns to about 300 microns in thickness,
about 25 microns to about 200 microns in thickness, or about
50 microns to about 100 microns in thickness. The adhesive
material, and preferably also the protective sheet material,
can have a melting point above 121° C. to permit autoclav-
ing for sterilization. Alternatively, for example, if the melt-
ing point is too low to permit autoclaving, the device can be
sterilized using radiation, such as electron beam radiation or
gamma radiation. Either before or after sterilization, device
10 can be sealed in an airtight package to be delivered to the
user in sterile condition. A synthetic rubber can be a natural
rubber including an additive. Suitable silicone adhesives
may include, for example, siloxanes and silicones,
di-methyl, hydroxy-terminated, dimethicone, silane, dichlo-
rodimethyl-silane, or reaction products with silica, gamma-
glycidoxypropyl-trimethoxysilane, octamethylcyclotetra-si-
loxane, ethyltriacetoxy-silane, methylsilanetriol triacetate,
curing agents, dibutyltin dilaurate, tin, and/or platinum. The
adhesive should be capable of spontaneously forming a seal
with the nanoporous membrane of the device that allows the
nanoporous membrane to cover the wells in a leakproof
manner, and yet allows the nanoporous membrane to be later
peeled away for access to microbial cultures within the
wells.

[0064] Following collection of cells from an environmen-

tal sample, such as soil, water, ice, rock, or extraterrestrial
material, the cells can be loaded into the device, preferably
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in a laboratory under sterile conditions. Referring to FIG. 1,
first one protective sheet 2 is removed from the adhesive and
replaced with a nanoporous membrane 3, such as a poly-
carbonate membrane containing pores having a diameter
from about 10 nm to about 50 nm in diameter, or such as
about 20 nm in diameter, yielding device 20. The thickness
of the nanoporous membrane can be from about 5 to about
20 microns, for example. This first-applied nanoporous
membrane serves as a base of the wells in the adhesive layer
and, once assembled and placed into an environment, the
pores allow chemicals from the environment to enter the
wells without allowing cells to enter or leave.

[0065] In an alternative configuration, one or both of the
nanoporous membranes depicted on either side of the device
depicted in FIG. 1 can be provided underneath the protective
sheets, as presented to the user. In this configuration, a
protective sheet can be removed, leaving behind the under-
lying nanoporous membrane, or removed with the underly-
ing nanoporous membrane. If the nanoporous membrane is
removed with the protective sheet, the protective sheet can
then be peeled away from the nanoporous membrane, which
is then re-applied to the adhesive layer 1.

[0066] After the first nanoporous membrane is bound to
one side of the adhesive layer and forms the bottom of the
wells, a suspension of environmental cells 5 is placed into
each well, after diluting a natural source of bacteria or other
microbes to a concentration (such as from about 0.33 cells/nl
to about 0.33 cells/pl) expected to provide about one cell per
well. Dilution can be perfomed by adding a liquid obtained
from the natural environment from which the microbes were
harvested (e.g., sea water, ground water), and addition of a
gellable substance is highly preferred. For example, each
well can have a total volume of from about 3 nl to about 3
ul and can be fully filled with the cell suspension. Once the
wells have been filled, the second protective sheet 2 is
removed from the adhesive layer and replaced with a second
nanoporous sheet 3 that is bound to the adhesive to seal
device 30 such that no further microorganisms can enter the
wells, yet chemical factors from the environment can enter
and leave through pores in both nanoporous sheets. The
device 30 can then be implanted into a selected environment,
preferably an environment similar or identical to the envi-
ronment from which the cells in the device were originally
obtained.

[0067] Addition of a gellable polymer to the diluted cell
solution offers the possibility to form a gel in the growth
chamber of each well of the device before placing it into an
environment for growth. The polymer can be added at a
concentration of, e.g., 1.5 to 2.0% wt/wt, so as to produce a
gel that is neither so soft that it runs out of the growth
chambers when the membrane is removed, nor so firm that
it is difficult to remove from the growth chambers. The gel
also should have a melting temperature that allows living
cells to be added to the molten gel without harm and that
allows the gel state to remain stable at the intended envi-
ronmental temperature. The presence of a gel assists in
holding in place the contents of each well during manipu-
lation of the device, such as attaching or detaching the
nanoporous membrane, without the loss of material from the
growth chambers. The presence of a gel may also encourage
attachment of microbes to polymer strands of the gel and the
formation of a biofilm, which can stimulate growth. Suitable
gel forming polymers include any such polymers used to
culture microbial cells in the laboratory, including natural
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polymers such as alginate, agarose, agar, gelatin, and col-
lagen, as well as synthetic polymers such as poloxamer and
polyacrylamide. The polymer can optionally be functional-
ized with a chemical or biological moiety to enhance or
inhibit cell attachment, or to modulate cell activity. The pH
or salinity of the diluted cell solution can be controlled by
adding a pH buffer and/or electrolytes to set initial condi-
tions favorable to cells of interest. If desired, a laboratory
culture medium can be used as the liquid phase instead of a
naturally occurring liquid. Nutritional additives in the form
of proteins, peptone, blood, serum, sulphur, phosphorus,
traces of metal salts, vitamins, and/or metabolites can be
added; however, it is preferred to rely on components from
the natural environment and to avoid such additives.
[0068] Initially, the diluted cell solution contains a desired
low number of harvested environmental cells, such as a
single cell, on average, in the volume corresponding to a
single well. Alternatively, it may be desired to have a small
number of cells in the volume of a growth chamber, such as
2,3,4,5,6,7,8,9,or 10 cells, to allow for co-culturing of
different types of cells to study their interactions.

[0069] It should be noted that two factors can reduce or
eliminate the potential for contamination of the growth
chambers during incubation in the environment. First, the
choice of a suitable adhesive makes it possible to attach the
nanoporous membrane without the need for further adhe-
sives or structures to form a tight seal, even after optionaly
removing and replacing the membrane. If further seal reli-
ability is desired, a additional silicone adhesive can be
applied to seal the membrane to the device. Second, the use
of a gel within the growth chambers keeps the contents of
each chamber in place during harvesting and prevents cross-
contamination. It is desirable to perform two types of control
experiment in order to confirm the absence of contamina-
tion. In one experiment, no microbes are added to the growth
chambers, and the sealed device is submerged into a culture
of known microbes, such as E. coli. If the known microbes
are later found in the growth chambers, after removing and
suitably washing the device, then a leak pathway is identi-
fied. In the inverse experiment, known microbes can be
placed into individual growth chambers, the device placed
into an environment lacking microbes, and then the growth
chambers separately harvested. The appearance of the
known microbes in chambers that they were not added to
indicates that cross-contamination has occurred.

[0070] After a period of incubation, which may last for
hours, days, weeks, months, or even years depending on the
expected growth cycle of the microbes or the accessibility of
the environment, the device 30 is retrieved, one nanoporous
membrane is peeled off, and grown material is collected
individually from each well for subculturing. Alternatively,
both nanoporous membranes can be removed and the con-
tents of all wells is removed into a matching microtiter plate,
for example, by means of a replicator with multiple pins.
Harvesting of the growth chamber contents can be by
manual retrieval from chambers individually, or can be
automated using a device such as a microplate replicator
which has an array of stainless steel pins for transfer of cells
to new containers, or using a microplate aspirator, which can
be air-sealed and used to push gel plugs out of the growth
chambers into a fresh microwell plate.

[0071] In a second configuration (“rigid embodiment”
shown in FIG. 2), base layer 6 is a planar rigid material, such
as a polymer material. The base layer is covered on both
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faces with adhesive layer 1, which can be the same type of
silicone adhesive or synthetic rubber as described above for
the configuration shown in FIG. 1. The first adhesive layer
on a first face of the base, as well as the second adhesive
layer on the second face of the base, each contain a plurality
of pores 4 designed to serve as wells for incubation of
microbial cells. The polymer material of the base layer can
include or consist of, for example, polystyrene, polyethyl-
ene, polycarbonate, Teflon, Delrin, or polyimide. The inclu-
sion of a plastic base provides additional rigidity in use,
making the device more robust in harsh environments as
well as during handling in the laboratory. The adhesive
material and pore diameter dimensions can be the same as
described above for FIG. 1. Device 40 can be sterilized as
described above for FIG. 1. Before or after sterilization, the
device can be sealed in an airtight package to be delivered
to the user in sterile condition.

[0072] In the rigid embodiment, each adhesive layer 1 is
covered with a protective sheet 2 on the side opposite the
side attached to the base layer 6. In the lab, each protective
layer can be removed, the wells filled with cell suspension
5, and the wells covered with nanoporous membrane 3
deposited onto the exposed surface of the adhesive layer.
Once the wells have been filled, a second protective sheet 2
is removed from the adhesive layer and replaced with a
second nanoporous sheet 3 that is bound to the adhesive to
seal device 50 such that no further microorganisms can enter
the wells. The device is then incubated in natural environ-
ment as described above.

[0073] Each adhesive layer of the rigid device can be
about 10 microns to about 300 microns in thickness, about
25 microns to about 200 microns in thickness, or about 50
microns to about 100 microns in thickness. The thickness of
the base layer can be selected to provide varying degrees of
flexibility or rigidity. For example, the base layer thickness
can be about 100 microns, about 200 microns, about 300
microns, about 500 microns, or about 1 mm, or from about
100 microns to about 1 mm. The base layer serves as a rigid
support layer for the nanoporous membranes, and also
serves as the substrate within which the wells are formed.

[0074] In an alternative configuration of the rigid embodi-
ment, one or more of the nanoporous membranes depicted at
either side of the device shown in FIG. 2 can be provided
underneath the protective sheets. In this configuration, a
protective sheet can be removed, leaving behind the under-
lying nanoporous membrane, or with the underlying nanop-
orous membrane. The protective sheet can then be peeled
away from the nanoporous membrane, which is then re-
applied to adhesive layer 1. A protective sheet can be
removed, leaving behind a nanoporous membrane, depend-
ing upon the configuration.

[0075] After a period of incubation, the rigid device can be
retrieved and processed in a similar manner as for the
flexible embodiment. One membrane is peeled off, and the
grown cells are collected from each well separately for
subculturing and/or analysis. Alternatively, both membranes
can be removed and the contents of all wells is removed into
a matching microtiter plate, for example, by means of a
replicator with multiple pins.

[0076] Holes in the adhesive layer or layers of a device can
be prepared in a number of different ways. A preferred
method is by drilling with a laser. For the rigid embodiment,
the holes can be formed by injection molding of base 16 so
as to produce a base layer containing the desired pattern of
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holes, which extend through the thickness of the base with
openings on both sides. Yet another method of forming the
holes is to use photolithography to form holes in either the
adhesive layer and/or the base layer. In all embodiments,
holes through different layers of the device must be aligned,
i.e., the holes must exist in the base layer, if present, as well
as in any adhesive layers and the protective layers. One way
to achieve this is by first forming the layered structure
without holes and then forming the holes through the entire
structure; this is a convenient method for making the flexible
embodiment. The devices of either embodiment can be
fabricated using any known technique, including microma-
chining, laser drilling, photolithography, injection molding,
three-dimensional printing, chemical etching lithography,
any deposition method, or a combination thereof.

[0077] Few microorganisms from environmental samples
grow on standard nutrient media in Petri dishes. However,
once a device of the present invention is implanted into a
selected environment, preferably an environment similar or
identical to the environment from which the cells in the
device were originally obtained, cells within the wells of the
device are likely to grow because they are presented with
their natural chemical milieu. The growth chamber of the
device functions as a diffusion chamber within which pre-
viously uncultivatible microorganisms can be grown and
later isolated. Rather than attempting to replicate the natural
environment of a microorganism, the components of the
environment can diffuse into the chamber. Simultaneously,
the colonies in the chamber are confined within the chamber
because the pores of the nanoporous membrane are smaller
than the cells growing in the chamber. Addition of artificial
growth media when diluting the cells to add to the device is
optional.

[0078] The devices of the present invention can be pro-
vided in a kit. In addition to the microbial culture device, the
kit can include, for example, additional nanoporous mem-
branes, adhesive films, protective sheets, culture media or
media components, one or more containers or reagents,
and/or instructions for use. Such kits can be utilized for
discovery of new microbial species.

[0079] A method to cultivate microbial species can include
providing the device 10 of FIG. 1, and removing one
protective sheet 2. An environmental sample suspected of
containing a new microbial species is diluted to a concen-
tration expected to have about one individual microbial cell
in the volume of a single chamber of the device. The diluted
cell suspension is then placed into chamber 4 under sterile
conditions, and a nanoporous membrane 3 is applied to
cover the wells and replace the protective sheet. The second
protective sheet 2 is then removed from the opposite side of
the device, and another nanoporous membrane 3 is applied
to replace the second protective sheet, thereby sealing the
growth chambers of the device, except for communication
with the environment through the nanopores of the nanop-
orous sheets. The device is then placed into an environment
similar or identical to the environment from which the
microbes in the device were originally obtained, following
which the device is incubated in the growth environment for
a desired period of time (e.g., hours, days, weeks, months,
or years) to allow growth of cultures within the growth
chambers. If the original environmental sample was appro-
priately diluted, the result after the incubation period will be
the occurrence of monocultures of microbial cells in at least
some of the chambers. It may be desirable to place two or
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more devices into the same environment at the same time, or
at different times. If two or more devices are used simulta-
neously, this can serve as a control for leakage or other
failure in one of the devices. If two or more are used
sequentially, information can be obtained about the chang-
ing microbial community and its evolution over time or in
response to environmental change.

[0080] After the incubation period, the devices are
retrieved. By placing the device into an environment similar
or identical to the environment from which the microbes in
the device were originally obtained, the microbes can
receive naturally occurring nutrients or chemical modula-
tors, which may be produced by other microbial cells in that
environment. Some microbes grow best, or only, in an
environment containing several different microbial species.
The environment similar or identical to the environment
from which the microbes in the device were originally
obtained can, for example, include a gaseous environment,
a wet environment, a solid environment (e.g., soil, rock,
cement), a vacuum or partial vacuum environment (e.g., in
outer space or on another planet, moon, or asteroid lacking
an atmosphere), a pressured environment (e.g., undersea), or
an extraterrestrial environment. Besides manual use, the
methods and devices disclosed herein can be deployed by
drones, probes, robots, or using other automated devices or
techniques. The devices can include sensors, processors,
memory, transmitters, and/or receivers for electromagnetic
signals. For example, RFID tags can be included for easily
locating a device within a location after an incubation
period. A device is deployed to a far or isolated location and
later retrieved with the help of such components.

[0081] The holes included in the devices can have any
desired shape or profile. For example, they can be cylindri-
cal, with or without parallel walls.

[0082] The devices can be fabricated using biocompatible,
implantable materials, and then can be utilized for cultiva-
tion of microbes within a living organism to study or isolate
components of the microbiome of the organism. In this
example, a fluid or tissue sample suspected of containing
microbes is taken from an organism. The fluid or tissue
sample is processed (e.g., diluted, filtered, centrifuged, or
disrupted to release microbial cells) and applied to one or
more chambers of the device. The liquid is sealed into the
device with one or more nanoporous membranes. Then, the
device is implanted into the organism for cultivation. After
an incubation period, the device is retrieved for analysis
and/or further culturing.

EXAMPLES

Example 1. Cultivation of Bacteria from Marine
Sediment

[0083] Bacterial cells are obtained from an intertidal sandy
marine sediment. The cells are separated from sediment
particles by vortex mixing, then serially diluted and mixed
with warm agar made with seawater, and placed in a
chamber of a device as shown in FIG. 1. The protective sheet
is removed from one side of the device and replaced with a
nanoporous sheet. The device is inverted, and the second
protective sheet removed. The warm agar mixed with bac-
terial cells from the marine sediment sample is applied to
completely fill all chambers of the device, and the top of the
chamber is sealed with a second nanoporous membrane. The
device is then placed back into the intertidal marine sedi-
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ment from which the sample was taken. The device remains
submerged in the sediment and in contact with moisture
from tidal ocean water. The device is allowed to remain in
place for one week, and is then recovered and brought to a
laboratory. Colonies of bacteria are observed in some of the
chambers and are observed and counted using an inverted
fluorescence microscope at 1,000x magnification after stain-
ing with DAPI. The contents of the individual growth
chambers are transferred to microtiter plates for high-
throughput studies including PCR of the 16S ribosomal
RNA gene to identify bacterial species.

1. A device for cultivation of microbial cells in contact

with an environment, the device comprising:

a rigid support layer;

a first adhesive layer in contact with a first side of the
support layer and a second adhesive layer in contact
with a second side of the support layer;

a first removable protective layer in contact with the first
adhesive layer on a side opposite the support layer and
a second removable protective layer in contact with the
second adhesive layer on a side opposite the support
layer;

wherein the support layer, the first adhesive layer, the
second adhesive layer, the first removable protective
layer, and the second removable protective layer form
a planar composite structure; and

wherein the composite structure comprises a plurality of
holes penetrating through the composite structure, a
longitudinal axis of the holes disposed substantially
perpendicular to a plane of the composite structure.

2. A kit comprising the device of claim 1 and one or more

separate sheets of nanoporous membranes.

3. The kit of claim 2, wherein the one or more sheets of

nanoporous membranes comprise nanopores having a diam-
eter in the range from about 10 nm to about 50 nm.
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4. A method of cultivating microbial cells in contact with
an environment, the method comprising the steps of:

(a) providing the device of claim 1 and a liquid suspension
suspected of containing microbial cells obtained from
an environmental sample;

(b) removing the first removable protective sheet from the
device;

(c) replacing the first removable protective sheet with a
first nanoporous membrane, wherein the first nanop-
orous membrane comprises a plurality of nanopores
having diameters smaller than the microbial cells, and
wherein the plurality of holes are sealed to form wells
with the first nanoporous membrane forming bottoms
of the wells;

(d) removing the second removable protective sheet;

(e) adding aliquots of the liquid suspension to the wells;

() placing a second nanoporous membrane on the adhe-
sive where the second removable protective sheet had
been, thereby sealing the wells, wherein the second
nanoporous membrane comprises a plurality of nan-
opores having diameters smaller than the microbial
cells; and

(g) placing the device into an environment suspected of
supporting growth of the microbial cells, whereby a
culture of microbial cells grows in one or more of the
wells.

5. The method of claim 4, further comprising diluting the
liquid suspension suspected of containing microbial cells so
that a volume of the diluted suspension that fills a single well
formed in step (c) contains about one microbial cell.

6. The method of claim 4, further comprising, after step
(g), removing the device from the environment suspected of
supporting growth of the suspected microbial cells, and
collecting microbial cells from one or more wells of the
device.



