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METHOD OF MANUFACTURING A DEVICE FOR SUPPORTING
BIOLOGICAL MATERIAL GROWTH AND DEVICE THEREFROM

Cross-reference to Related Applications

[0001] The present application claims the benefit of the United States provisional
patent application No. 61/770,627, filed on 28 February 2013, the entire contents of which

are incorporated herein by reference for all purposes.

Technical Field

[0002]  The prevsent disclosure describes embodiments generally relating to a method
of manufacturing a device for supporting biological material growth and a device for

supporting biological material growth.

Background

[0003] The developmental biology of bacterial biofilm is largely driven by diffusion |
processes and hence it is governed by the dynamics of environmental gradients in their
microenvironments. The study of mixed-species biofilm requires the careful establishment
- of these gradients in the relevant spatial resolution in a dedicated biéﬁlm growth chamber.
[0004] Most natural bioprocesses are carried out by mixed-species microbial
communities that .are organized in compact biofilms, as coordinated communal
metabolism requires close physical proxinﬁty and aggregation. The power of these
complex communities in driving key bioprocesses has been demonstrated in many
systems, such as seen by the ability of natural cyanobacteial mats to effectively degrade
crude oil spills in coastal environments; the efficient degradation of polycyclic

hydrocarbons by granulated microbial consortia; and the effective removal of excess
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combined nitrogen by biofilters in intensive aquaculfure. While these bioprocesses are
clearly the result of communal metabolism of complex microbial communities, the means
by which the community members are organized and interact to enable the overall
chemical transformations are not understood, and hence to date,. only empirical
_engineeﬁng practices have been used in attempts to optimize the desired bioprocess.

[0005] The main limitations in uﬁderstanding, exploring and controlling the communal
activities of microbial biofilms are the lack of tools for reproducible mixed culture
experimentation that are essential to set the foundation for future biofilm engineering.
[0006] Pfesently, well-controlled microbiological laboratory experiments are largely
limited to the study of single axenic cultures. Moreover, the study of interactions of
different microbial species has mostly been carried out in homogeneous mixtures of
bacterial cultures in continuous cultures setups..

[0007] FIG 1A illustrates a currently available fluid chamber device. The device 10
includes elongate one-directional chambers in which fluid is injected in at one end and
drained out at an opposite end. In FIG. 1A, the device is machined from a Perspex sheet,
sandwiched between two aluminum face plates whose function is to hold glass slides. -
Water tightness is provided by the use of silicone gaskets in between the glass slide and
the Perspex. The entire arrangement is held together by screws, and can be disassembled,
cleaned and reused. Fluid flow through the observation chamber is essentially one
dimensional. |

[0008] FIG. 1B illustrates a currently available two-dimensional fluid chamber device.
A 2-dimensional planar flow cell 12 is provided which supports biofilm growth under 2-
dimensional fluid flow conditions. Control of flow conditions is used to create well-
defined physical and chemical grédients, which affects biofilm heterogeneity. The planar
flow cell is a non-disposable device, constructed from two pieces (10 cm2) of acrylic
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plastic separated by ;1 0.6 mm thick sheet of silicone rubber. A square aperture (3.5 cm2)
in the centre éf the rubber defined the chamber of the flow céll. Stainless steel tubing with
[.D.}%0.24mm aﬁ_d O.D.%O.SOmm is inserted into the silicone rubber sheet to provide
covnnections for flow inléts and outlets. A glass microscope cbverslip is placed over the
éhambcr to enable observation by micfoscopy with a rubber mask placéd on top of the
coverslip to protect the glass. Twelve screws around the perimeter of the flow cell are used
to seal the system, which must be water-tight to prevent leaks and maintain sterility during
long-term operation. |

[0009] The morphology of biofilms is generally examined using high resohition
confocal microscopy restrictihg the separation between the microscopes objective lens and
the plane of the biofilm to be less than 1 mm. This requires the surface of fluid chamber
devices to be flat ‘and the glass slide to be thin so that .this objective can be achieved. In'
addition, physical sampling of biofilms dﬁring growth is often réquired and so easy access
1s important. It is noted that both devices described above do not satisfy these criteria.
[0010] Micro-sensing tools in a variety of natﬁral microbial mats which have been
developed help to demonstrate that microbial interactions in compleX communities are
governed by ﬁicro-environmeﬁtal gradients and a spatially heterogeneous assemblage of
micro-niches. Hence, in order to harness these bioprocesses, it is desired to develop robust
reproducible biofilm growth chambers to carefully examine the importance of
environmental micro-heterogeneity for biofilm performance. Such systemé represent the
future foundation for engineering mixed culture bioreactors designed for specific

bioprocesses.
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Summary

[0011] According to various embodiments in the present disclosure, there is provided
a method of manufacturing a device for suppo-rting biological material growth, including
fonning.a first platform layer through a molding process, the first platform layer including
a central chamber; and a plurality of elongate channels coupling the central chamber to the
periphéry of th¢ first platform layer; forming a second platform layer through a molding
process; and c.oupling the first platform layer to thé second platform layer.

[0012] According to Vari‘ous erhbodiments in the present disciosure, there is provided
a device for supporting biological mafefial growth, including a first platform layer, formed
through a molding process, the first platform layer including a central chamber; and a
pllirality. of elongate channels coupling the central chamber to the periphery of the first
platform layer; and a second platforrﬂ layer, formed through ‘a. molding process; wherein

the first platform layer is coupled to the second platform layer to form a growth platform.

Brief description of the Drawings

{0013} In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily to scale, with emphasis
instead generally being placed upon illustrating the principles of the present disclosure. It
is to Be noted that the accompanying drawings illustrate only examples of embodiments of
this disclosure and are therefore not to be considered limiting of its scope, for the
disclosure may admit to other equally effective embodiments. In the following description,
various embodiments of the disclosure are described with reference to the following
drawings, in which:

[0014] _ FIG. 1A illustrates a currently available fluid chamber device.

[0015] FIG. 1B illustrates a currently available two-dimensional fluid chamber device.
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' [00i6] FIG. 2 illustrates components of a platform according to an embodiment.
[0017]  FIG. 3A illustrates the attachment of the removable éover to the device body.
[0018] FIG. 3B illustrates components of th¢ removable cover for maintaining a seal.
[0019] FIG. 4 illustrateé passage of fluid flow in the device according to various
embodiments.

[0020] FIG. 5 illustrates a plot referring to biofilm thickness.

[0021] FIG. 6 illustrates a component of a devicé with simple straight channels
according to an embodiment.

[0022] FIG. 7 illustrates the geometry of a fluidic simulation - model used according to
an embodiment.

[0023] FIG. 8A illustrates a simulation of the 3-dimensional flow fields in the 0°
orientation. |

[0024] FIG. 8B illustrates a simulation of the 3-dimensional flow fields in the 90°
orientaﬁon. |

[0025] FIG. 9 illustratesv a simulation of the 3-dimensional shear-rate in thé 90°
orientation.

{0026} FIGs. 10A-C illustrates 3-dimensional simulations of mixing patterns of a
device éccording to an embodiment.

[0027] FIG. 11 illustrates an expérimental configuration according to an embodiment.
[0028] FIG. 12A shows an image of the prototype according to an embodiment; used
 for fluidic verification
- [0029] - FIG. 12B shows the coverslip of FIG. 12A with experimental measurement
cells indexed.

[0030] FIG. 13‘illustrates variance of velocity within a flow cell according to an

embodiment.
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[0031] FIG. 14 illustrates a plot of experimental particle veloci.ty measurements
against diagonal distance.

[0032] FIG. 15 illustrates a comparison between experimental particle velocity
measurements and ﬂuidic.simulations.

[0033] | FIG. 16A illustrates components of a device according to an embodiment of the
present disclosure.

[0034] ~ FIG. 16B illustrates assembled components of the device of F IG. 16A.

[0035] FIG. 17A illustrates a first mixing pattern with oxygen and nitrogen saturated
water: |

[0036] FIG. 17B illustrates a second mixing pattern with oxygen aﬁd nitrogen
saturated water.

[0037]  FIG. 18 illustrates a block schematic. of a method of manufacturing a device
according to an embodiment of the present disclosure. -

[0038] FIG. 19 illustrates a block schematic of a device according to an embodiment

of the present disclosure.

Detailed Description

[0039] Embodiments of a method of manufacturing a device for supporting biological
material growth and a device for supporting biological material growth are described in
detail below with reference to the accompanying figures. However, it should be
understood that the disclosure is not limited to specific described embodiments. It will be
appreciated that the embodiments described below can be modified in various aspects,
features, and elements, without changing the essence of the disclosure. Further, any

reference to various embodiments shall not be construed as a generalization of any
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inventive subject matter disclosed herein and shall not be considered to be an elerﬁent or
limitation of the apperided claims except where explicitly recited ih a claim(s). -

[0040]  According to various embodiments, depiction of a given element or
consideration or use of a pa_rticular element number in a particular FIG. or a reference
thereto in corresponding descriptive material can encompass the same, an equivalent, ér an
analogous element or element number identified in another FIG. or descriptive material
associated‘ therewith. The use of “/ herein means “aﬁd / or” unless specifically indicated
‘otherwise.

[0041] The present disclosure can describe embodiments of a system or apparatus
which can be operable in various orientations, and it thus should be understood that any of
the terrﬁs “top”, “bottom”, “base”, “down”, “sideways’;, “downwards” etc., when used in
the following description are used for convenience and to aid understanding of relative
positions or directions, and not intended to limit the orientation of a system or apparatus. It
is also noted that the term “distal” is used to indicate a location ér a portion situated away
from'a poir_it of origin and the term “proximal” is used to indicate a lqcation or a portion
situated toward the point of origin.

[0042] According to various embodiments, there is provided a method of
manufacturing a device for supporting biological material growth, including: forming a
first platform layer through a molding process, the first base layer including: a central
chamber; and a plurality of elongate channels coupling the central chamber to the
periphery of the first platform layer; forming a second platform layer through a molding
process; and éoupling the first platform layer to the second platform layer.

[0043] | Accérding to various embodiments, the present platform for biofilm growth has |
the pdtential to enable reproducible studies on thin biofilms as they are grown on different

substrates under controlled heterogeneous environmental conditions. Such a device, or
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platfor'm,' or flow cell, has been carefully optimized to be able to 'establish defined
physical-chemical gradients. The devi_ce sets the stage for the study of mixed species
biofilms in t‘he relevant spatial and temporal resolution.

[0044i In embodiments, the device allows for the study of vaiious‘open questions in
biofilm development, for example, the settlement of bacteria from the planktonic state to
the formation of thin biofilms; the reverse dispersal processes involved in the
transformation o'f bioﬁlms to planktonic mode; the surface characteristics affecting the
kineties of biofilm formétion; inter-species interactions during biofilm development and
prey-predzitor relations in biofilm setting.

[0045] ~ This device provides reproducible physical gradients such as control of flow
velocilty i‘n' three dimensioiis and as such can also control the shear rate gradients on the
suiface of the device affecting the initial steps of bacterial attachment in a reproducible
manner;

[0046] In addition to physical gradients, this device has the i)otential of creating
defined chemical gradients-with the choice of having more than one media inflow in the
chamber under various configurations. In doing so, it is possible to reproducibly grow
biofilms under defined heterogeneous environmental gradients and assess the role of these
heterogeneous gradients in the overall bioprocesses of the biofilm with greater defails.
Accordingly, in various embodimerits, software or a mobile app is provided for paired
operation with this device, se that biologists can easily determine the fluidic characteristics
at any point within the device and correlate this with a variety ef experimental approaches
for the snidy- of mixed-species biofilms behavior. Theee characteristics include flow
velocities, shear forces, etc.

[0047] The chemical gradients are correlated with the mixing patterii within the
chamber before there is any significant bacterial activity. A series of events of bacteﬁal '
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attachm'en.t'oﬂﬁ the surface will take place depending upon the pre-established cherﬁical
~ gradients as well as the bhysical setting. Thereafter the changes in chemical gradients
created as a reéult Bacterial uptake can be calculated using d-edicated softwére.

[0048] - In embodiments, the fluidic device has been designed to be an experimental
platform for microscopic real time observation of biofilm development. In embodiments,
the device has been optimized for the use of standard microscopy borosilicate glass
cdverslips with standard thickness 0.17 mm and dimensions 22 x 22 mm.

10049] In 'embodiments, certain capabilities are provided for bﬁbble removal.
'However, the prevention of upstream contamination within the device ‘from biological
material .growth can be controlled by technolqgies such as Flow Breakers and UV light
sources. |
[0050] In various embodiments, a robust examination of the hydrodynainics or fluidics
of the design through simulation togethef with experimental validation is provided. In
embodiments, the manﬁfacturability of the device is also considered and provided, and
seeks to meet a criteria of being disposable as a iow unit cost, and as such a viable tool to
fhe biological community. Further, in various embodiments, a feature of selective fouling
is provided for the device.

[0051]  In providing a fluidic device as described in various embodiments, it is sought
to ¢stablish novél biofilm engineering that capitalizes on the precise means by which the
different members of the biofilm engineering community interact, including that of
communication signals and co-metabolism, as con';rolled by micro-environmental
gradients in the biofilm.

[0652] FIG. 2 illustrateé components of a platform according to an embodiment.
Platform 100 includes a number of separate components. According to an embodiment, a
first base layer 110 is provided, and arranged to cooperate with a second base layer 130. A
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combinati‘on ora coupling of the first base layer 110 and the second base layer 130 forms
a device body or a growth platform. The device body is designed to have equal Fand
perpendicular sides, in the shape of a square, to allow ease of control of fluid flow and
direction. In other.embodiments, other shépes can be used, as long as the in and out-flow
of fluid is favorably supported. |

[0053] According to various embodiments, the device body, formed by the first base
iayer 110 and the second base layer 130, is manufactured by a molding process. In
embodiments, the first base layer 110 is formed through a first ‘molding process, and the
second base layer. 130 1s formed throu.gh a second molding process. In embodiments, the
first molding process is the same as the second molding process. Plastic injection molding
is utilized in embodiments as a preferred mass manufacturing method which is suited to
polymeric structures of a shell-like design. Advantageously, such a mefhod helps toward
the device being a disposable device with a low per-unit cost. In addition; bacteria are very
sensitive to metals, so a device fabricated according to various embodiments can avoid
negative consequences of exposing the bacteria to metals. Further, there is a limited
solubility of metal into solution, which can, in principle, affect the development
downstream of bacteria.

[0054] In embodiments, the first base layer 130 is formed through plastic injection
molding, iﬁ which a liquid polymer is injected into a hollowed-out block or mold. The
liquid hardens out in the mold and adopts the shape of the mold. A top face 111 of the first
base layer 110 is provided with various features provided for the function of the growth
platform and formed during the molding process. The bottom face of the first base layer
110 is provided to be generally flat and devoid of features and for resting the growth
platform on. In vz;rious embodiments, a central chamber 112 is provided in first base layer
110, in which is designed for the support and growth of biological material, such as
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biofilm. Biofilms can be understood to be a group of microorganisms in which cells stick
to each other on a surface.

[0055] | The central chamber 112 is arranged to be provided in the center of the first
base l_ayer 110. In the embodiment, the central chamber 112 is provided geometrically
central in the first base layer 110. In an embodiment, the sides of the first base layer 110
and the growth platform is provided at 60mm, and the sides of the central chamber 112 is
provided at 20mm. The chamber size can also be varied from millimeters in size to being
meters in siZe, depending on the desired outcome. For example, if by the application of
| speciﬁc micro-hydraulic gradients, mixed heterogeneous biofilms can be grown, then this
might require a ehamber that 1s meters rather than cm in dimensions. The minimum size,
on the other haod, may be determined by the diameters of the input/output channels and
the requirements of throughput or laminar flow or quanﬁty of biomass.

[0056] A plurality of channels 114 is provided to connect the central chamber 112 to
the external edge or the periphery 116 of the first base layer 110. In embodiments, the
channels 114 are coupled to a peﬁpheral aperture which is an extruded aperture 118
formed on the periphery 116 of the first base layer 110. The extruded aperture 118 allows
for_ easy connection to a mechanically-operated fluid flow delivery system, which allows
for fluidic conductance to and from the central chamber 112, so as to support biological
material growth. The extruded aperture 118 is designed to support a single channel within
the extrusion, the channel for coupling to a corresponding fluid delivery carrier in a flow
delivery system. In various embodiments, the extrusion is left out and the peripheral
aperture is provided on the device periphery 116 and within the device body. In such
cases, the periphefal aperture can be of an enlarged dimension, such as to receive a plug‘

insert for a mechanically operated fluid flow delivery system. The peripheral aperture can
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also simply be of a dimension simi.la‘r to the dimension of the channels. This allows easy
coupling to a corr_esponding growth platform in joint experimental growth sequences.

- [0057) According to various embddiments, the channel in the extruded aperture 118 is
designed to carry fluid to and from the exfruded aperture 1118 to the central chami)er 112.
For convenience and efficiency, embodiments in the present disclosure provide for a
branch arrangement of channels 114 in the first base layer 110, the channels formed

‘ through a molding process. For efficiency, fluid ié designed to enter or exit the chamber
through . four equally spaced channels 120 on one side of central chamber 112, the
channels 120 provided in a raised wall of the first base layer 110 surrounding the chamber
112, the wall raiséd relative to the depressed chamber 112.

[0058] | - In embodiments, the branch arrangement of channels is arranged such that the
channel leading in and from the extruded aperture 118 branches out to form the four
channels 120 leading to the central chamber 112. In émbodiments, the channel leading in
and from the exfruded aperture 118 i§ branched twice to form the four channels 120
leading to the central chamber 112. Further, multiple branch arrangements of channels, in
this case four, are provided in the first base layer 110, one for each side of the central
chamber 112, connecting the central chamber 112 on all sides to the periphery of the first
base layer 110, and to a fluid flow delivery system. In embodiments, the branch
arrangement includes any number of channels coupling the central chamber to the
periphery, and the branch arrangement includes three or four or five branch junctureé, or
whichever number of channels of Branch junctures which satisfactorily supports the
growth platform device.

[0059] The first base layer 110 is arranged to receive the second base layer 130. In
embodiments, second base iayer 130 1s overlaid over the first base layer 110. In various

émbodiments, the second base layer 130 is formed through a molding process, and a
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~ bottom face 131 of the second base layer 130 is-arranged to be overlaid opposingly to the
top face 111 of the first base layer 110. In embodiments, the bottom face 131 of the second
base layer 130 are further formed with features which are correspondingly similar to those
as formed on the top face 111 of the first base layer 110. In coupling both the first base
layer 110‘ and the second base layer 130 together, the features are made complete. In
various embodiments, the channel and charnbér features of the device 100 can be provided
only in the first base layer 110, while the bottom face of the second base layer 130 can
simply be flat and smooth.
[0060] In embodiments, a semi-circular portion of the channels 114 are formed on the
top surface 111 of the first base layer 110. Correspondingly, a semi-circular portion of the
channels are also formed on the bottom surface 131 of the second base layer 130. When
the base layers are adjoined, the éhannels 114 are thereby wholly formed. In embodiments,
the channels are about 0.8mm in diameter. In various embodiments, the channels can be of
a rectangular shape or any other shape, instead of being round.
[0061] With regard to the central chamber 112, a cavity is formed in the first base
layer, the cavity not formed fully through the first base layer, but thé first base layer still
providing a chamber ﬂoor to the central chamber. Correspondingly, a through cavity 134
is provided in the second base layer 130, such that in arrangement with the first base layer
110, the central chamber 112 is ‘open from the top surface 132 of the growth platform. In
embodiments, a shelf is provided on the perimeter of the chamber cavity 134, and
arranged to receive a glass covér—siip, for observation of biological growth activity in the
central chamber 112. Other features can glso be provided on the top fac;e 111 of the first
base layer 110 and the bottom face 131 of the second base layer 130 such that proper
alignment of the base layers are validated prior to a pérmanent sealing of the base layers
together.
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[0062] Attachment or coupling of top face 111 of the first base layer 110 to the bottom
face 131 of the second base layer 130 can be provided by a number of mature schemes.
For example, any oné of a chemical welding, an ultrasonic welding, a laser welding, an
irtdium welding, or adhesion with a bonding adhesive. According to various embodiments,
fusion welding is utilized as a method of adhesion, as it takes the two mating surfaces,
renders them liquid or tacky, and with pressure creates a monolithic structure, in most
cases with no visible seam. In further embodiments, a chemical welding process is used, in
~ which the two mating surfaces 111, 131 are treated with a vapor of éhloroform, and
thereafter applying pressure to cause the coupling. Such a process can achieve a very high
bond strength between thé two layers.

[0063] The device body can also be fabricated by other manufacturing techniques, for
example, with embossing, as well as alternative material t.ylpes.‘ For example, in a parall’et
process, a similar device is being fabricated using ceramic glasses and standard
microelectronic fabrication techniques. The device body can also be metallic and
fabricated by powder injection molding, cast or machined.

[0064] In various embodiments, a retnovable cover 150 | is provided. FIG. 3A
illustrates the attachmént of the removable cover to the device body. According to
embodiments, a function of the removable cover 150 is to locate a glass cover slip 160 and
confine it laterally. The device 100 is arranged to be air tight and leak proof with the
inclusion of elastomeric .gaskets placed between the cover 150 antl glass cover slip 160,‘
and the second base layér 130 and the glass cover slip 160. |

[0065] In embodiments, there are a series of projections 152 located around the edge
of the cover. In this case, the tabs 152 are spaced 2cm from et1_ch other. In fitting the cover
150 into the device body, the cover 150 is inclined, and the two projections 152 at position
a are made to fit into the corresponding recesses a’ located within the top portion of the
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body, on the top face 132 of second base layer 130. When inserted, the projections 152
‘lock into the device body aﬁd provide a fulcrum action. As the cover 150 is bressed down,
resilient clips 154 at b are co-located with the socket features 136 at b’ and lock the cover
into place. By lifting the clips 154 at b, the cover 150 can be removed. To improve the
~ stability of the cover 150, there are provided four tabs 156 in the base of the rgmovable
cover 150, at ¢ (two tabs on each side). The tabs ‘15_6 can be pushed into their
corresponding mating feafures 138 on the top face 132 of the device body at ¢’. When the
projections 152, the resilient clips 154 and the tabs 156 are received in their
complimentary features on the body at a’, b’, and ¢’ respectively, the cover becomes
locked in place.

[0066] The cover 150 is also manufactured by plastic injection molding, from
polycarbonate, or any thermoplastic polymer. In embodiments, the polymer type for the
removable cover 150 can be different from that of the device body, and is mainly
deterrhined by the elastic modulué and thickness of the sealing gasket. In embodiments,
the removable cover 150 can be made of metal, for example, such as aluminum, formed
using traditional sheet-metal processing techniques. The bacteria are never exposed to the
cover.

[0067] In vaﬁous embodiments, to prevent damage to the fragile glass cover-slip 160,
a protection gasket 162 fabricated from an clastomeric material, is used. FIG. 3B
illustrates components of the removable cover for maintaining a seal. A protective gasket
162 is blaced over the glass cover-slip 160 and positioned within the aperture 158 of the
removable cover 150. An adhesive elastomer can be used to adhere the gasket 162 to the
cover 150. Té provide the device as fluid tight, a sealing gasket 164 is placed on the shelf
134 formed on the second base layer 130, for receiving the glass cover-slip 160. The
sealing gaéket 164 is first placed on and around the shelf 134 on the top face 132 prior to
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receiving the glass cover-slip 160. The removable cover 150, with the glass cover-slip 160
and protective gasket 162 in place, is thereafter locked into position on the top facé 132 of
the device body 100.

[0068] The thickness of the elastomer depends upon its e]astic modulus and the
material chosen to manufacture the removable cover 150. If the cover 150 is made from
polycarbonate, -an elastomer made of silicone with a thickness of 100 microns is suitable.
Once the cover 150 is pressed into position it will compress both the protective gasket 162
and sealing gasket 164 so that the cover-slip 160 is located both laterally and vertically,
and sealing is achieved. In an embodiment, gaskets made from low gas permeability
niaterials, for example, such as neoprene, can also be used.

[0069] In various embodiments, a glass cover-slip is used. However, other mateﬁals
can be used depending upon the type of microscopy used to monitor ';he biofilm’s
development. Alternatives include, but. are not limited to, quartz, diamond and certain
transparent polymers. Both quartz and diamond are extremely hard and strong, allowing a
reduction in the thickness of the glass cover-slip 160 whilst still maintaining rigidity. Also,
tﬁeir background fluorescent signal is lower than that of sodium glass.

[0070] In embodiments, a glass cover-slip is provided on a top side and a bottom side
of the device body. In such a case, the first base layer is formed with a cavity all the way
through the base layer. A glass cover slip can there be securely coupled intQ the cavity for
the purposes of observation through the bother side of the combined device body.
According to embodiments, cover-slips can also be interchanged with a wide range of
coupons to evaluate material sensitivity to biofilm fouling for areas such as for example,
medical, membrane, and maritime designs industries.

[0071] FIG. 4 illustrates passage of fluid flow in the device according to various
embodiments. 400 shows a device 402 in which fluid is passed through a first branch
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- arrangement of channels 404, and into a Central chamber 406. The fluid is then directed
out the chamber 406 through a second branch arrangement of channels 408, where the first
and the second branch arrangement of channels each inélude a general direction of flow
through the channels, the angle between the direction of flow of the first branch
érrangement and the direction of flow of the second branch arrangement being about 0°. In
such a case, the fluid enters and exits the charhber unidirectionally ér straight through the
device.

[0072] 420 shows a device 422 in which fluid is passed through a ﬁrét branch
arrangement of channels 424, and into a éentral chamber 426. The fluid is then directed
out the chamber 426 through a second branch arrangement of channelé 428, where the first
and the second branch arrangement of channels each include a general direction of flow
through the channels, the angle between the direction of flow of the first branch
arrangement and the direction of flow of the second branch arrangement being about 90°.
In such a case, the fluid enters and exits the chamber perpendicularly or where the fluid
turns perpendicularly prior to leaving the chamber.

[0073] The device or growth platform 422 contains a central chamber 426 with
_intemal geometry of volume a’t where a is the square chambef width, which is 2 cm
according to an embodiment and t.is the chamber thickness, which is 2 mm according to
the embodiment. The top portion of the chamberv contains a glass cover-slip, for the
eventual growth of a biofilm. Fluid enters and exits the chamber through four equally
spaced channels of 0.8 mm diameter. The fixed internal geometry of the device present a
constant fluidic conductance to a mechanical pump cohnected to the inlet manifold. As
such, the fluid characteristics or hydraulics of the channels and chamber can simple be
defined by the throughput, Q, of fluid flowing into the device. The throughput Q is given
by: |
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0O=v4
[0074] - where vis theA fluid velocity and A is the cross-sectional surface area.
[0075] It can then be obseﬁed that the fluid velocity in the channels or chamber is
~ determined by the relevant cross-sectional area. This assumes that the sur’facev friction
factor is negligible and that there are no leaks. Since the cross-sectional area of the
channeis are significantly smaller than that of the chamber it implies that the fluid velocity
in the channels is significantly larger (>20) than within the chamber.
[0076] As long as the fluid velocity is low, the Reynold’s number (Re) is also low. It
is only when Re >> 2,320 that the fluid flow is expected to change from laminar to
turbulent. ‘According to embodiments, in the system described, Re < 5, and so the fluid
flow 1s -uniférm, smooth and predictable.
[0077] In short, for a given throughput, which can be deﬁned.by the pump settings, the
micro-hydrodynamics within the device are fixed and can be easily described by the use of
a look-up table to users who are unfamiliar with fluidic modeling. In addition, all
parameters that are dependent on the micro-hydraulics can be described similarly.
[0078] With an understanding of these figures and values, delivery of solutes such as
oxygen, nutrients or antibiotics can be quantified. In time, as the bacteria settle on the
glass cover-slip 160 (referring back to FIG. 2), a biofilm will start to grow with thickness
t, in the chamber, which has a thickness t. This will gradually reduce the chamber
thickness (t-t,) as time progresses. Unless the film is smooth, its growth would result in a
change to the friction factor. In addition, the biofilm will start to reduce the concentration
of oxygen and nutrients supplied dissolved in the fluid.
[0079] The effect of the combination of increased biofilm thickness and roughness on
the micro-hydraulics within the chamber is difficult to predict. A reduction in the chamber

thickness from t to (t-tp) will lead to a corresponding increase in chamber fluid velocity.
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Theorctically, the friction factor is independent of channel roughnesé in laminar flow
because the disturbances caused by surface roughnéss are quickly damped by viscosity.
[0080]A | FIG. 5 illustrates a plct referring to biofilm thickness.. 500 shows a plot of
mean chamber velocity, in m/s, against the thickness of a smooth, uniform biofilm tb; 520
shows the biofilm projecting to the volume of the chamber. In various embodiments, as
lcng as the biofilm thickness, ty, remains less than 100 microns, the impact on the micro-
hydraulics will be minimal. For greater thicknesses, as long as the surface of the biofilm is
smooth, its effect on the micro-hydraulics can be predictable and can be compensated‘ for.
[0081] According to various embcdiments, a wide variety of commercially available
sensors can be provided in the device ICO and used to monitor the concentration of critical
supplies to the biofilm, including oxygen. Volumetric oxygen sensors can be located at the
input and output, which allow the difference in oxygen to bé determined for aerobic.
bacteria. Specialized plant optrodes can be coated onto the coverslip, prior to the growth
of the biofilm, so thlat a 2-dimensional map of oxygen concentration can be produced for
this location. Oxygen reporters can be introduced into the chamber to provide for a
localized 3-dimensional map of oxygen concentration to be created for within the
biofilm’s architecture, which can provide for insight down to the cellular level.

[0082] According to various embodiments, electrical contact to the chamber can be
provided by the fabrication of planar wires in between the top and bottom layers using
mature semiconductor processing techniques. Further, an electrical connection or wires
can be formcd within the device layers during the molding formation, so as to provide an
electrical contact through the device body. Similarly, thermocouples can be made to
measure temperature or used as a heat pump. The use of a conducting polymer or a surface

coating provides a Faraday cage for the device screening the bacteria from the influences
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of airborne electromagnetic radiation. This can be useful in establishing a baseline of the
developmental biology of bacteria in the absence of electromagnetic radiation.

[0083] Discrete devices and sensors can be incorporated into the body of thé device
eithér during plastic‘-inj ection ﬁlolding or afterwards by the provision of suitable recesses,
according to various embodiments. For example, either permanent magnets, for example,
and not limited to, neodymium magnets or samarium-cobalt magnets, or other rare-earth
magnets, can be placed close to the chamber to provide a static magnetic bias. A
‘magnetometer can then be provided to observe the magnetic waveforms. This is as
bacterial» dévelopmental biology is thought to be sensitive to magnetic fields and
electromagnetic radiation.

[0084] In varioué embodiments, high permeability structures, such as high
permeability discs or cylinders, can be implanted within the body of the device, for
example, aﬁd not limited to amorphous FeSiBC or Permalloy, which is an iron-nickel
alloy. With the use of planar or 3-dimensional coils, this can provide a way to expose the.
bacteria to high field strength electromagnetic perturbation with variable amplitude and
frequency, éither parallel or perpendicular to the plane of the biofilms. A biofilm
community resembles that of an ancient skin and might be the best model for evaluating
the interaction between cells and external perturbations.

[0085] According to various embodiments, a variation in the number bf channels can
be provided. In providing multiple channel arrangements in coupling the éentralvchamber
to the periphery of the device body, the channel arrangements could be of the same design,
or may include variations in channel design. For example, one channel arrangemeht could
inclﬁde a single straight channel coupling the chamber to the peripheral aperture, while
another channel arrangement could include the branched arrangement as descﬁbed earlier.

Further, more than four channels could be provided in the channel arrangements.
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[0086] Iﬁ embodimenfs, a Vériation in the channel diameter can be provided. Tﬁe
“channel diameter can be dimensionéd from micrometer size to centiméter size, depending.
on the biological rhatter to be grown. In embodiments, a variation in the channel cross-
section can be provided. For example, the channel can be cross-sectioned to be any one of
a triangular, pyramidal, elliptical, square, rectanguiar, or any other shaped. In
embodiments, a variation in the channel longitudinal sh‘ape can be provided. For example,
the channel‘can be a simple tube, or it can be provided as binary manifolds.
[0087] FIG. 6 illustrates' a component of a device with simple straight channels
according to an embodiment. In device 600, a plurality of channels 602 and a central
chamber 604 are formed in base layer 606. Base layer 606 is formed through a molding
- process and is intended to be coupled with another base layer to form the device body for
suppdrting biofilm growth. In the embodiment, a channel arrangement 608 including four
straight channels is provided to couple the central chamﬁer 604 to the periphery 610 of the
base layer 606. The four straight channels are directed to four corresponding peripherél
extrusion apertures 612 provided on the base layer. In the embodimént, the device is
intended to be a square shaped device, each of the éides of the device determined to be 6
cm long. |
[0088] In embodiments, a service port. 620 is provided in the device 600 and 1qcated at
the position marked “a”. A corresponding éervice channel 922 is formed in the base layer
606 and connects the central chamber to the port 620. The channel is provided away from
the channel arrangements 608 provided for fluid flow. By default, the port 620 and the
channel 622 are sealed during manufacture by a thin membrane. The membrane has to be
disrupted using a hypodermic needle, and the port 620 can then be used to inoculate

bacteria into the device, or to help remove stubborn bubbles during operation. Bubble
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removal can be facilitated By using a hypodermic syringe and withdrawing the plunger
whist connected to this port 620.

[0089] The device is meant to operate for periods of hours to months, and permit real
time observation_df the growfh and developmental biology of the biofilms within the
chamber, through the glass cover_—slip. Consequently, fouling at the inlet/outlets or the
extruded apertures 118 should be avéided otherwise the reproducible velocity gradients
will start to change in unpredictable ways.

[0090]  To prevent fouling of the inlet and outlet a number of strategies are possible.
First, the high fluid velocity and associated wall shear stress is high within the channels,
discouraging settlement and biofilm formation. In addition, micro-embossing can be used
to create a texture on the surface of the tubes, discouraging settlement. The choice of
polymer also influences the Aset’tle of bacteria since this is dependent on the surface energy.
In addition, various tailored ceramic coatings can be used to provide local toxicity to the
bacteria. These include, but are not limited to, indium tin oxide, zinc oxide, and titanium
dioxide. A combination of these schemes éan be expected to delay biofilm formation and
as such fouling of the extruded apertures for up to a few months. In embodiments, an anti-
miprobial solution can be provided'to inhibit the fouling at the apertures of the device.
[0091] In Varidus embodiments, the split design of the device body, in welding a first
top device layer and a second bottom de\./ice layer together, also allows the coating of
metallic or ceramic or polymers layers in between the top and botfom portion. As
mentioned previously, these sections can be coupled together using an epoxy resin or cold
welded after sputter coating with a layer of indium. This desigﬁ also bermits the localized
coating of the channels with metals or polymers or ceramics using mature techniques from
the microelectronics industry. For example, metallic templafe can be machined and mated
to efther the top or bottom portion. This combination then can be placed in a sputter
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coating machine allovﬁng any materiai type, as well as fnultipl'e-layéfs of materials to be
locally deposited in selected areas, such as the channels. Then upon assembly of the.
device, the channels would have an internal coating.

[0092] In embodiments, the top paft of the device can be unselectively coated with
indium metal. In doing so, a consideration is that the process temperature should be less
that the glass transitioﬁ temperature of the polymer that is used to manufacture the body.
After coating both the top and bottom portions with indium, the device is treated with
dilute hydrochloric acid to remove the oxide layer, and thes¢ portions can be mated
together to-form the assembled device body. In embodiments, a vmetallic layer sandwiched
in between the top and bottofn layers can be used as an earth plane.

[0093] - -in embodiments, since the body of the device is transparent, variations in the
design could render part or parts of the device into optical waveguides. For example, this
might permit a side illurﬁination of the bacteria for purposes of inducing fluorescence or
perhaps to simply provide perturbation. A conventional microscope can then be used to
measure the response, as compared with having a dual purpose of illumination ‘and.‘
response through the same microscope objectives.

[0094] According to various embodiﬁlents, the design of the growth platform allows
for arrays of the chambers to be created by multiple schemes. Indi\}idual chambers can be
connected together. Alternatively, a rﬁonolithic m x n design can be used in which the
input and output supplies are multiplexed to the individual elements. This permits rapid
.assessment of anti-fouling agents and antibiotics, és well as other relevant chemicals,
which can include tradition Chinese medicines.

[0095] FIG. 7 illustrates the geometry of a fluidic simulation'modél used according to
an embodiment. Model 700 represents a device for supporting biological material growth
according to an embodiment. For simplicity, only the entrance and exit channels are used

23



WO 2014/133457 PCT/SG2014/000083

even though the flow cell 700 has a binary input and oufput network. The channel cross-
section of the prototype isi square réthef than circular due fo a manufacturing restriction. It
is common practice in such cases to assign an equivaleﬁt fluidic di'am¢ter to such channels.
A series of observational cells 702, 704, 706, 708, 710 are defined along the chamber
diagonal to facilitate comparison during subsequent experimental validation. The average
_ velbcity under a given ﬂow rate 1s calculated within the volume of eéch cell, where the
cell depfh is defined by the microscope obj ective’s magnification.

[0096] After creation of the geometry and defining all the desired parameters to be
avefaged and calculated with respect to their domains, boundary materials can be selected
from the inbuilt material library and as well as the fluid material identified. The boundary
material was defined as polycarbonate and the fluid was defined to be Phosphate Buffer
Solution (PBS), a buffer frequently used in such experiments. Surface roughness was not
taken into consideration as the interior walls are expected to be smooth throughout the
operation lifetime of the device. The software used was Comsol Multiphysics, but other
fluidic software, for example Ansys Fluent, can also be used.

[0097] Boundary conditions were then defined for the inlet and outlets in use. In each
orientation, 0° or 90°, only one set of inlet and one set of outlets were used; the redundant
ones were sealed off. Laminar flow velocity was defined in all four inlets. The velocity in
each inlet was calculated by using equation (1) or v = Q/A. The remaining boundary
conditions were defined as the solid wall material.

[0098] The flow rate was modeled from near zero to a soft and hard maximum. The
soft maximum is defined as the conditions when the flow field experiences some
- irregularities such as swirling but these irregularities do not interfere with the central area

of the flow cell where the biofilm grows and ahalyzed. The hard maximum corresponds to
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the point where reproducible gradients over the biofilm are no longer possible. Table 1

gives the soft and hard points that have been determined for this particular geometry.

Flow Rate (ml/hour) Comment
150 Soft limit
250 Hard limit

[0099] FIG. 8A illustrates a simulation of the 3-dimensional flow fields in the 0°
orientation. FIG. 8B illustrates a simulation of the 3-dimensional flow fields in the 90°
orientation. 800 shows stream lines across the device in th¢ 0° configuration, while 820
shows stream lines across the device in the 90° configuration. By contrast, in the 90°
orientation, there is a velocity gradient created by the different path lengths of the stream

lines from nozzle to nozzle. In this example the flow rate was set at 69 ml per hour.

[00100] These .3-dimensional velocity fields control the transport of solutes such as

oxygen to the boundaries of the biofilm where diffusion takes place. In addition to this the
fluid flow f)roduces mechanical forces on the biofilm which, if large enough, can lead to

detachment.

[00101] FIG. 9 illustrates a simulatién of the 3-dimensional shear-rate in the 90°
orientation. 900 shows a 3-dimensional simulation of the shear rate (1/s) of the device in

90° orientatidn with a flow rate of 69 ml/hr. In 900, the shear rate is plotted in the 2-

dimensional plane in which the biofilm will grow. If the shear rate is multiplied by the

dyhamic viscosity then the shear force is produced. As a consequence of the velocity

gradient created by this orientation, a shéar rate gradient is also produced. Biofilm

developmental biology is dependent on the magnitude of the ~shear rate.

[00102] FIGs. 10A-C demonstrate some of thé possible mixing patterns in the chamber

according to various embodiments, which correlate to initial chemical gradients, and can

be realized using this chamber. These chemical gradients created due to each mixing

pattern vary extensively with the change in inflow rates. FIG. 10A shows 3-dimensional
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simulation 1000 where the inflow and outflow of fluids are ﬁom adjacent sides. FIG. 10B
shows 3-dimensional simulation 1020 where the inflow and ohtﬂbw of fluids are from
opposite sides. FIG. 10C shoWs 3-dimensional simulation 1040 where the inflow of fluid
is provided on 3 sides, ‘whilve providing one side for outflow.

[00103] FIG. 11 illustrates an experimental configuration according to an embodiment.
Expérimental configuration 1100 is used to validate the fluidic simulations via particle
velocity measurement. Particles or in this case 15 um diameter polystyrene microspheres
(FluoSpheres®) are mixed with a standard buffer solution of PBS (Phosphate Buffered
Saline) and the concentration adjusted to obtain neutral buoyancy. This solution is loéded
into a syringe pump (New Era Pump Systems, Inc. SyringePump.com; Model Vno: NE-
1000) and circulated through the flow cell after suitable priming. All bubbles are carefully
removed to enable feproducible flow measurements. After circulating through the flow
cell, the solution is collected in a waste bottle.

[00104] An Epifluorescent Microscope (Carl Zeiss Axio Imager), witﬁ the objective set
to 5X, is used to image the mid-plane of the device. Illumination is provided by a Mercury
lamp (HXP 120C) and the image is captured by a camera (Carl Zeiss AxioCam MRm) in
combination with acquisition software (Zen 2012). Particle image velocity (PIV)
calculations are subsequently made on captured video sequences using softwaré (Imaris
7.5). Imaris identifies the particles and tracks them over time-series images to calculation
particle motion parameters.

[00105] FIG. 12A shows an image of the prototype according to an embodiment.
Prototype 1200 is used to validate or verify the fluidic modeling, configured for the 90°
mode. The input/outputs not in use are terminated. Instead of a glass cover-slip a

graduated plastic coverslip has been used to facilitate measurements and features a 10 x 10
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grid of 1mm squares, each square individually indexed (Pyser-SGI Limited). The total
- diagonal length of the grid, corner to corner, is 42 x10mm or 14.14 mm.

[00106] 'FIG. 12B shows the ‘coverslip 1420 of FIG. 12A with experimental
measurenient cells inde_xed.. Diagonal grids cells {1,1}, {3,3}, {6,6}, and {8,8} were
chosen for this study. Across each cell, the particle velocity can be averagéd and
correlated with the-fluidic simulations. With the microscope objective set at 5X, the depth
of field was then 36 pum. Ih essence; even though particles are in focus at a point in the
mid-plane of the device, thé particle may actually be at any depth with a total uncertainty
of 36 um along the z-axis. Consequently, the particle Velocify is really averaged out in a
given cell over a box of volume Imm by 1 mm by 36 um. A control software, such as
Imaris, identifies the motion of the particles and tracks them over time-series images.
Transit times across the diagonal x-y shown in 1500 range from 1.4 to 4.2 .seconds.
[0(_)10‘7] FIG. 13 illustrates variance of velocity within a flow cell such as {1,1}
according to an embodiment. Histogram 1300 shows frequency distribution of the
representative data taken in cell {1,1} at a flow rate of 69 ml per hour. A total of 56 data
points were collected and analyzed. The distribution is Gaussian, in shape and represents
random variations around a common mean. A Gaussian fit gives a mean value of 773+3
pm/s with a standard deviation of 42+7 pm/s at a R? 0f 0.8.

[00108) FIG. 14 illustrates a plot of experimental particle velocity measurements
against diagonal distance. Plot 1400 shows the experimental data taken for the 90°
configuration with flow rates of 23, 46, 69 and 138 ml per hour at the mid-plane of the
flow cell. Curves 1410, 1420, 1430, and 1440 are provided for flow rates of 23, 46, 69,
and 138 ml per hour respectively. Within experimental limits, regression analysis confirms
the trends for the flow rates to be linear. The inset 1450 of FIG. 14 shows the linear

dependency of the velocity gradient on flow rate.
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[00109] FIG. 15 illustrates a velocity plot against diagonal distance. Plot 1500 gives a
corﬁparison of the experimental particle velocity measurements to the results from the
fluidic simulations, using Comsol software. Curves 1510, 1520, 1530, and 1540 are
provided for flow rates of 23, 46, 69, and 138 ml per hour respectively. The close
agreément' between simulations and experimental da£a confirmed the validity of the model.
Although the agreement is satisfactory these‘is a non-linear component clearly present in
fhe simulation results. This is believed to be due to neglecting‘ chamber specific details
such as material type and surface roughness, which have only a minor impact on the
fluidic behavior at this scale length, dominated by laminar flow, with low Reynolds
numbers.

[00110] Experimental particle velocity measurements ih the 0° mode confirm the
validity of the fluidic simulations. |

[00111] According to embodiments, it is an intention to provide a device that is
diéposable and of low unit cost. Consequently the device has been designed for
manufacturability; plastic injection molding being the appropriate technology as it
accounts for almost 30% of the quld’s plastic products. Thin shelled devices are routinely
fabricated by plastic injection molding in eﬁctremely larger volume. The unique advantage
of this technology is the ability to create the entire geometry in one cycle or shot as well as
the versatility in changing the plastic from which the device is made. Particular challenges
include minimizing defects, controlled stress and surface roughness, and maintaining
flatness. Fortunately most of these defects can be eliminated by carefui design and
optimization of machine parameters such as timing, temperature, and pressure.

[00112] According to an embodiment, the main components of the device, first base
layer 110, second base layer 130, and removable cover 150, have all been optimized for
production by plastic injection molding. Techniques include the use of polymer melt flow
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simulation software such as Moldflow and the application of design-of-experiment
techniques such as the Taguchi Method. Cﬁtical parameters requiring special attention
include the flatness and smoothness of the mating surfaces (111 and 131). Bonding of the
first and second base layers together is a work in progréss. Initial results using ultrasonic
and laser boﬁding both appear very encouraging.

[00113] FIG. 16A illustrates components of a device according to embodiments, as
manufactured by plastic injection molding. 1620 is the removable cover; 1640 is the
second base layer; 1660 is the first base layer. In embodiments, optimization of the plastic
injection .molding cycle can contribute to the elimination of device-specific defects.
According to various embodiments, the outer diameter of channels 1642 should be
.sufﬁciently large to dvoid hesitation, and the first base layer 1660 should be sufficiently
thickened to avoid polymer flow induced cracking of the centfal chamber 1662. Aécording
to an embodiment the outer diameter of the channels 1642 is greater than 2.6 mm.

[00114] FIG. 16B illustrates the assembled components of the device of FIG. 16A.
D.etailed analysis of injection molding based on the Taguchi Method indicated that
pressure, mold temperature, melt temperature, and packing duration are of high
significance in controlling the flatness of the components. Assembled device 1680 is
resultant from the stacking of the components together. In embodiments, the removable
cover 1620 is affixed onto the second base layer 1640, and then the combination therefrom
is coupled onto fhe first base layer 1660 to form the assembled device 1680.

, [00115] FIG. 17A and FIG. 17B illustrate mixing patterns of oxygen saturated water
| and nitrogen saturated water in the chamber when the two fluids enter and exit from
~different inlets. These mixing patterns represent the ability of the device to create
reprod_licible chemical gradients ahead of inoculation with bacteria. FIG. 17A illustrates a
first mixing pattern with oxygen and nifrogen saturated water and shows chemical
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gradients across a device when the two fluids enter the chamber from opposite sides (top
- and bottom) whiie the remaining sides (left and right) are configured as oﬁtlets. According
to embodiments, the device is initially oxygen deficient due to the continuous flow of
nitrogen saturated water from the top with respect to 1702 and the oxygen saturated fluid
enters from the bottom. The glass-coverslip is coated with plant optrodes that enable the
oxygen cor.l.centration to be mapped out in the plane of the cover-slip. Images 1704, 1706,
1708 and 1710 show the chemical gradient in the chamber, in a correspondingly sequential
order. The amount of oxygen concentration in the ‘chamber is shown to be increasingly
saturated and attaining an equilibrium state, with respect to directional flow. Equilibrium
is achieved in typically ten minutes or thereabouts.

[00116] FIG. 17B illustrates a second mixing pattern with oxygen and nitrogen
saturated water. In FIG. 17B, plot 171 2 shows time-lapsed photographs of the chemical
gradients across the device when the two fluids enter the chamber from adjacent sides (left
and bottom) and the remaining sides are configured as outlets. According to embodiments,
the device and the setup for growth is initially saturated with oxygen since there is a
continuous inflow of oxygen saturated fluid from bottom with respect to 114 and the
| - mitrogen saturated water enters from the} left. Images 1716, 1718, 1720, 1722 show the
chemical gradient in the chamber, in a correspondingly sequential order. The amount of
oxygen concentration in the chamber is shown to be increasingly dissipated, with respect
to directioﬁal flow.

[00117] ~As one of the intentions of the device according to embodiments is for the
investigation into the initial grown of biofilms, it may still necessary to only limit this
growth to the cover slips or sample coupons. Depending on the bacterial type it is possible
to delay the settlement on other surfaces such as the chamber walls and inlet and outlet
channels. Geometry has a large part to play in this exercise. Sharp corners, rough surfaces,
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sections where the fluid stagnates will encourage the rapid settlémeht and growth of
bibﬁlms. Changing the chamber material has some effect as different polymers have
different surface energieé and biofilm growth is often sensitivé to surface energy.
Similarly, coatings can also be applied to change the surface from hydrophobic to
hydrophilic targeting tﬁe preference of individual bacteria. However, the most significant
_reduction in attachment has been achieved through structuring of the surface or coating
with materials with antimicrobial properties.

[00118] Various strategies can be applied to the device according to embodiments.
Micro-embossing can be used to modify the surface topography once a device has been
made by injection molding. Thiﬁ film coatings can also be made by mature coating
technologies such as sputter deposition, in conjunction with a thin metal shadow mask, to
limit the gfowth of the coating to the intended areas of interest.

[00119] Two model gram negative bacteria have been successfully grown in an
embodiment of the device. These bacteria are pseudomonas aeruginosa and pseudomonas
putida.

[00120] In various embodiments, there is provided a system for supporting growth of
biological material. A system can include a device for supporting gfowth of biological
material, as described above. Such a system can further include a data manégerrient
system, the data management system including a processing unit a memory module. In
embodiments, at least one computer program product is provided, the computer program
product directly loadable into the memory module of the data management system of the
ksystem for supporting‘ growth of biological material, the computer program product
arranged to cooperate with various inputs in the system. According to embodiments, the

data management system is coupled to the outputs of various sensors and monitoring
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equipment coupled or attached on to the device for detecting and monitoring growfh of
biofilm.

[00121] A computing system or a controller or a microcontreller or any other system
providing a processing capability can be presented according to various embodiments in
the present disclosure. Such a system can be taken to include a processor. The system
according to various embodiments can include a controller which may include a memory
which is for example used in the processing cvarr1;ed out by portions of the receiver. A
memory used in the embodiments may be a volatile memory; for example a DRAM
(Dynamic Random Access Memory) or a non-volatile memory, for example a PROM
(Programmable Read Only Memory), an EPROM (Erasable PROM), EEPROM
(Electrically Erasable PROM), or a flash memory, e. g.; a floating gate memory, a charge
trapping memory, an MRAM (Magnetoresistive Random Access Memory) or a PCRAM™
(Phase Change Random Access Memory). |

[00122] In various embodiments? a "circuit" may be understood as any kind of a logic
implementing entity, which may be speciél purpose circuitry or a processor executing
software stored} in a memory, firmware, or any combination thereof. Tﬁus, in an
embodiment, a "circuit" may be a hard-wired logic circuit or a programmable logic circuit
such as a programmable processor, e.g. a microprocessor (e.g. a Complex Instruction Set
Computer (CISC) processor or a Reduced Instruction Set Computer (RISC) processor). A
"circuit" may also be a processor executing software, e.g. any kind of computer program,
€.g. a computer program using a virtual machine code such as e.g. Java. Any other kind of
implementation of the respective functions which will be described in more detail below

may also be understood as a "circuit" in accordance with various alternative embodiments.

Similarly, a “module” is thusly defined as a portion of a system according to various
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embodiments in the present disclosﬁre and may Vencompass_' a “circuit” as above, or may be
understood to be any kind of a logic-implementing éntity therefrom.

[00123] According to the present disclosure, the fdllowing advantages are ‘listed with
regard to the device for supporting biological material grthh acc;)rdi'ng to embodiments:

[00124]) - The device is a disposable device.

[0012'5] " — The device can be sterilized by irradiation with gamma rays.

[00126] _‘ ~ The device is a low unit cost afforded by use of use of mature manufacturing
- technology.

[00127] = — The device is a scaleable microfluidics platform from milliméters to meters.

[00128] - The device can include a split design whichv allows sensors and additional

materials to be sandwiched in between the top and bottom layers that constitute the device.
[00129] — The device can include a non-metallic body. |
[00130] - The device can include single inlet and outlet channels that morbh, in a
binary manner, into quad channels entering into the chamber.

| [00131] . ~ The device can include geometry designed to produce reproducible micro-
hydraulics (velocity fields) in 3-dimensions.
[00132] -~ The device can include reconfigurable as a multiple-well or array layéut for
anti-fouling agent screening.
[00133] - — The device can include monolithic integration of sensors within the platform.
[00134] — The device can include an easy bioﬁlm sampling option with the clip-on
removable cover integrated with the microscope cover-slip. |
[00135] - The device can be optimized for use with high resolgtion confocal
microscopes, which may have limited working distances.
[00136] - The device can include a novel non-metal choice of antimicrobial solution to
inhibit fouling of biofilm in the inlets)outlets of dev-ice.
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t00137] — The device caﬁ include reconfigurable inlet/outlet ports.

[00138] - The device can include a unique inoculation port.

[00139] -~ The’ device can provide for fluid tightness.

[00140] — The device can provide for the interchangeability of device niaterial.

[00141] - The device can provide for bubble removal.

[00142] According to the present disclosure, the device for supporting biological
material growth according to embodiments can be used in the following applications:
[00143] - Rapid screening of antibiotics and anti-fouiing agents. |

[00144] - Provision for real-time investigation of multi-species biofilms throughout
théir biological development; |

[00145] - Identification of unique ways to disperse bacteria before bioﬁlm formation.
[00146] —‘Identiﬁcatiion of mixed species of bacteria necessary to degrade oil and other
water and land born contaminants.

[00147] FIG. 18 illustrates a block schematic of a method of manufacturing a device
according to an embodiment of the present disclosure. According to an embodiment, a
method 1800 of manufacturing a device for supporting biological material growth is
provided. In 1810, the method includes forming a first platform layer through a molding
process. According to an embodiment, the first base layer includes a central chamber and a
plurality of elongate channels coupling the central chamber to the periphery of the first
platform layer. In 1820, the method includes forming a second platform layer through a
molding process. In 1830, the method includes coupling the first platform layer to the
second platform layer. |

[00148] In‘ an embodiment, the coupling of the first platform layer to the second

platform layer is an airtight and permanent coupling.
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[00149] In aﬁ embodiment, the coupling of the first p.latform lgyér tb the second
platform layer is any one of chemical welding, ultrasonic welding, laser welding, indium
Welding, or adhesion.

_[00150] In an embodiment, the molding pro_.cess is any one of injection molding, split-
injection molding, powder injection molding, casting or machining.
'[00151] In an embodiment, the first platform layer and the seéond platform layer
include any one of thermoplastic, thermoset, copolymers, polycarbonate, flexi-glass,
ceramic glass, or metallic materials.

[00152] In an embodiment, the method further includes coupling a removable cover to
any one of the first platform layer and the second platform layer, the removable cover
including a oBservation portion arranged for a viewing of the central chamber.

[00153] Inan embodimenf, the coupling of the rémo%zable cover is a snap-fit coupling.
[00154] Inan embodimen{, the method further includes utilizing a glass cover slip and a
elastomeric gaéket to provide the observation portion of the removable cover. -

[00155] In an embodiment, the rﬁethod further includes treating the channels for
preventing biological material growth in the elongate channels, including any one of
micro-embossing the elongate channels, coating the elongate channel with a ceramic
overlay, coating the elongate channel with a polymer oyerlay, or-coating the elongate
channel with a m¢tallic overlay.

[00156] In an embodiment, the method further includes Sandwiching a metallic layer
between the first platform layer and the second platform layer prior to coupling the first
platform layer to the second platform layer.

[00157] FIG. 19 illustrates a block schematic of a device according to an embodiment
of the present disciosure. According to an embodimént, there is provided a device 1900 for
supporting biological material growth. The device 1900 includes a first platform layer
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1910, formed through a molding process, the first platform layer further including a
-_ central chamber 1920 and a plurality of elongate channels 1930 coupling the central
chamber to the periphery of the first platform layer. The device 1900 further includes a
second platform layer 1940, formed through a molding process. According to an
embodiment, the first platform layer is coupled .to the second platform layer to form a
growth platform.

[00158]) In an embodiment, the growth platform includes a piurality of p¢riphera1
apertures at the periphery of the growth platform, the peripheral apertures coupled to the
central chamber through the elongate channels. |
[00159] In an embodiment, the growth platform includes four peripheral apertures, each
of tﬁe peripheral apertures provided perpendicular to each other.

[00160] In an embodiment, the device further includes a branch arrangement of
channels between any one of the peripheral apertures and the central chamber.

[00161] In an embodiment, the branch arrangement of channels includes a channel
leading from the peripheral aperture branching to form a plurality of channels leading to
the central chamber.

[00162] In an embodiment, the channel leading from the peripheral aperture is branched
twice to form the plurality of channels leading to the central chamber.

[00163] In an embodiment, the peripheral aperture is an extruded aperture.

[00164] In an embodiment, the device further includes a sensor within the device
between the first platform layer and the second platform layér.

[00165] In an embodiment, the sensor is arranged tb monitor growth of the biological
material and is any one of a volumetric oxygen sensor, a plant optrode, an oxygen
reporter, a thermocouple, magnetic fields sensors, high permeability structures, and
electrical contact sensors. |
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[00166] In aﬁ embodiment, the device further includes an optical waveguide formed in
the growth platform.

[00167] In an embodiment, the device further includes a Faraday cage structure formed
in the device.

[00168] Inan embOdiﬁent, the device further includes an inoculation port provided at a
periphery of the growth platform.

[00169] In an embodiment, the inoculation port is coupled to the chamber by a
inoculation port channel, the inoculation port channel separate from any fluid-carrying
channel in the device.

[00170] The above apparatus, method and/or system as described and illustrated in the
corresponding figures, is not intended to limit an or any apbaratus, method or system as
accdrding to an embodiment, and the scope of the present disclosure. The description
fuﬁher includes, either explicitly or implicitly, various features and advantages of the
method or system according to the present disclosure, which can be encompassed within
an apparatus, method or system according to the disclosure.

[00171] While embodiments of the disclosure have been particularly shown and
| described with reference to specific embodiments, it should be understood by those skilled
in the art that various changes in form and detail may be made therein without departing
from the spirit and scope of the disclosure as defined by the appended claims. The scope
of the disclosure is thus indicated by the appended cléims and all changes which come
within the meaning and range of equivalency of the claims are therefore intended to be

embraced.
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Claims

What is claimed is:

1. A method of manufacturing a device for supporting biological material growth,
comprising: v
forming a first platform layer through a molding process, the first platform layer
comprising;
a central chamber; and
a plurality of elongate channels coupling the central chamber to the
periphery of the first platform layer;
forming a second platform layer through a molding process; and

coupling the first platform layer to the second platform layer.

2. The method of claim 1, wherein the coupling of the first platform layer to the

second platform layer is an airtight and permanent coupling.

3. The method of claim 2, wherein the coupling of the first platform layer to the
second platform layer is any one of chemical welding, ultrasonic welding, laser welding,

indium welding, or adhesion.

4, The method of any one of claims 1 to 3, wherein the molding process is any one of
injection molding, split-injection molding, powder injection molding, casting or

machining,

5. The method of any one of claims 1 to 4, wherein the first platform layer and the
second platform layer comprise any one of thermoplastic, thermoset, copolymers, ceramic

glass, or metallic materials.

6. The method of any one of the preceding claims, further comprising:
coupling a removable cover to any one of the first platform layer and the second
platform layer, the removable cover comprising a observation portion arranged for a

viewing of the central chamber.
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7. The method of claim 6, wherein the coupling of the removable cover is a snap-fit
coupling. |
8.  The method of claim 6 or 7, further comprising;

utilizing a glass cover slip and a elastomeric gasket to provide the observation

portion of the removable cover.

9. | The method of any one of the preceding claims, further comprising;:

treafing the channels for preventing biologica} material growth in the elongate
channels, comprising any one of micro-embossing the elongate channels, coating the
elongate channel with a ceramic overlay, coating the elongate channel with a polymer

overlay, or coating the elongate channel with a metallic overlay.

10. The method according to any one of the preceding claims, further comprising
sandwiching a metallic layer between the first platform layer and the second platform

layer prior to coupling the first platform layer to the second platform layer.

11. A device for suppbrting biological material growth, comprising:
a first platform layér, formed through a molding process, the first platform layer
comprising: '
a central chamber; and
a plurality of elongate channels coupling the central chamber to the
periphery of the first platform layer; and
a second platform layer, formed through a molding process;
wherein the first platform layer is coupled to the second platform layer to form a

growth platform.

12.  The device of claim 11, wherein the growth platform comprises a plurality of
peripheral apertures at the periphery of the growth platform, the peripheral apertures

coupled to the central chamber through the elongate channels.

13.  The device of claim 12, wherein the growth platform comprises four peripheral

apertures, each of the peripheral apertures provided perpendicular to each other.
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14.  The device of claim 13, further comprising a branch arrangement of channels

between any one of the peripheral apertures and the central chamber.

15. The device of claim 14, wherein the branch arrangement of channels comprises a
channel leading from the peripheral aperture branching to form a plurality of channels

leading to the central chamber.

16. The device of claim 15, wherein the channel leading from the peripheral aperture is

branched twice to form the plurality of channels leading to the central chamber.

17. The device of any one of claims 11 to 16, wherein the peripheral aperture is an

extruded aperture.

18. The device of any one of claims 11 to 17, further comprising a sensor within the

device between the first platform layer and the second platform layer.

19. The device of claim 18, wherein the sensor is arranged to monitor growth of the
biological material and is any one of a volumetric oxygen sensor, a plant optrode, an
oxygen reporter, a thermocouple, magnetic fields sensors, high permeability structures,

and electrical contact sensors.

20. The device of any one of claims 11 to 19, further comprising an optical waveguide

formed in the growth platform.

21.  The device of any one of claims 11 to 20, further comprising a Faraday cage

structure formed in the device.

22.  The device of any one of claims 1 to 21, further comprising an inoculation port

provided at a periphery of the growth platform.
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23. The device of claim 22, wherein the inoculation port is coupled to the chamber by
an inoculation port channel, the inoculation port channel separate from any fluid-carrying

channel in the device.
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