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Abstract

Background: Microfluidic systems are well-suited for studying mixed biological communities for improving indus-
trial processes of fermentation, biofuel production, and pharmaceutical production. The results of which have the
potential to resolve the underlying mechanisms of growth and transport in these complex branched living systems.
Microfluidics provide controlled environments and improved optical access for real-time and high-resolution imaging
studies that allow high-content and quantitative analyses. Studying growing branched structures and the dynam-
ics of cellular interactions with both biotic and abiotic cues provides context for molecule production and genetic
manipulations. To make progress in this arena, technical and logistical barriers must be overcome to more effectively
deploy microfluidics in biological disciplines. A principle technical barrier is the process of assembling, sterilizing, and
hydrating the microfluidic system; the lack of the necessary equipment for the preparatory process is a contributing
factor to this barrier. To improve access to microfluidic systems, we present the development, characterization, and
implementation of a microfluidics assembly and packaging process that builds on self-priming point-of-care princi-
ples to achieve “ready-to-use microfluidics!

Results: We present results from domestic and international collaborations using novel microfluidic architectures
prepared with a unique packaging protocol. We implement this approach by focusing primarily on filamentous
fungi; we also demonstrate the utility of this approach for collaborations on plants and neurons. In this work we (1)
determine the shelf-life of ready-to-use microfluidics, (2) demonstrate biofilm-like colonization on fungi, (3) describe
bacterial motility on fungal hyphae (fungal highway), (4) report material-dependent bacterial-fungal colonization,
(5) demonstrate germination of vacuum-sealed Arabidopsis seeds in microfluidics stored for up to 2 weeks, and (6)
observe bidirectional cytoplasmic streaming in fungi.

*Correspondence: Imilletl@utk.edu

2The Bredesen Center, University of Tennessee-Knoxville, Knoxville, TN
37996, USA

Full list of author information is available at the end of the article

This manuscript has been authored by UT-Battelle, LLC under Contract
No. DE-AC05-000R22725 with the U.S. Department of Energy. The United
States Government retains and the publisher, by accepting the article for
publication, acknowledges that the United States Government retains

a non-exclusive, paid-up, irrevocable, worldwide license to publish or
reproduce the published form of this manuscript, or allow others to do
so, for United States Government purposes. The Department of Energy
will provide public access to these results of federally sponsored research
in accordance with the DOE Public Access Plan (http://energy.gov/downl
oads/doe-public-access-plan).

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://orcid.org/0000-0001-6443-2505
http://orcid.org/0000-0003-0368-2054
http://orcid.org/0000-0003-4856-8343
http://orcid.org/0000-0001-8534-1979
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40694-019-0071-z&domain=pdf
http://energy.gov/downloads/doe-public-access-plan
http://energy.gov/downloads/doe-public-access-plan

Millet et al. Fungal Biol Biotechnol (2019) 6:1

Page 2 of 14

~

Conclusions: This pre-packaging approach provides a simple, one step process to initiate microfluidics in any setting
for fungal studies, bacteria-fungal interactions, and other biological inquiries. This process improves access to micro-
fluidics for controlling biological microenvironments, and further enabling visual and quantitative analysis of fungal

cultures.
Keywords: Fungi, Microfluidics, Cell culture, Bacterial-fungal interactions, Plant root, Arabidopsis, Neuron, Branching
biology
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Background biological interactions [22—26]. Despite these benefits,

Morphological branching is a common and fundamen-
tal mode of biological propagation and growth [1-4].
Branched biological structures are evident across all tax-
onomic kingdoms and size scales. Aggregates of unicel-
lular bacteria form branching communities, which gives
rise to colonial phenotypes that are often distinct (e.g.
morphology and color) [5-10]. From roots to branches,
and stems to leaf structures; plants arborize to develop
high surface area tissues; a plants branching structure is
vital for nutrient absorption in photosynthesis, energy
transport and storage, reproduction, and waste release
[11]. Hyphal branching in fungi is involved in beneficial
and detrimental interactions among plants and microbes,
it is through these high surface-area structures that nutri-
ent uptake, environmental signaling, and communication
are achieved [12—14]. Neuronal cells and tissues branch
to connect with targets cells and organs for efficient com-
putation of information and the coordination of physi-
ological processes [15, 16]. Understanding the physical
and molecular cues that initiate the formation and func-
tion of branching structures and resolve the underlying
mechanisms of growth and transport in branched tissues
will benefit relevant industries including those involved
in fermentation, biofuel production, and health care. To
capture the dynamics of this process at such a fine spatial
scale requires a culturing platform that enables real-time
and high-resolution imaging. While microtechnological
methods are well established for culturing neurons and
mammalian cells, advancements for increasing the preci-
sion and sophistication for measuring plant, fungal, and
microbial structures and dynamics (e.g. growth, forces,
secretions) are in demand [17-21].

Microfluidic platforms are particularly well-suited for
guiding, restraining, and imaging branched structural
growth and specification; through a modular on-chip
approach, branched biological systems can be interro-
gated in ways not possible via conventional culture. For
example, customized microfluidic designs with inter-
connected compartments may be used to facilitate and
isolate desired branching features. Highly-controlled
microfluidic environments also improve the ability to
study innate mechanisms and environmental influences
guiding process outgrowth, cellular physiology, and

the intersection of microfluidics and biology is highly
interdisciplinary and often requires strong cross-depart-
mental or multi-institutional collaborations in order to
apply the precision technology toward answering deeply-
rooted biological questions. Microfluidic applications
for rhizosphere-on-a-chip are providing high-resolution
access for studying the dynamics of root-bacterial inter-
actions [27-29]. Recent studies on fungal polarity and
growth, and plant development and metabolism demon-
strate the ability to increase throughput and semi-auto-
mate work to resolve molecular regulations of mesoscale
biological interactions using microfluidics [30, 31].
Despite the numerous papers that have sought to sim-
plify microfluidics use for biological inquiry [32, 33],
technical and logistical barriers still exist that counter-
act the effective deployment of microfluidics in biologi-
cal disciplines. Technical barriers to bio-microfluidic
collaborations include equipment, such as vacuum
pumps, house vacuum systems, syringe pumps, fabri-
cation facilities. Physical barriers include institutional
proximity. Unfortunately, the lack of familiarity with
microfluidic systems (creation and implementation)
and personal contacts are also primary impediments to
initiating collaborations. Overcoming these limitations
will promote the broad use of a microfluidics tool-set
for biological inquiry. For example, microfluidic plat-
forms can readily be designed to provide an environment
that allows for resolving the biological response to local
physical, chemical, and biological cues integrated within
the platform design [34—37]. Complex barriers, topo-
graphical cues, compartmentalization of chemically and
physically interacting biological systems, and complex
chemical gradients can be controlled and manipulated
within microfluidic systems to replicate natural interac-
tions and conditions in a fundamental form [22, 38—42].
Assembling, sterilizing, and hydrating the microsys-
tem is one of the principle technical barriers that limits
the use and implementation of microfluidics in biologi-
cal investigation. The lack of both simple and preci-
sion equipment is a key contributing factor that further
complicates the use of microfluidics [43]. In the effort to
help collaborators overcome barriers to implementing
microfluidics, we have resolved a preparation strategy
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that greatly minimizes the hurdles associated with using
microfluidics in biology. Here, we present the devel-
opment, characterization, and implementation of a
microfluidics assembly process that builds on principles
employed in self-priming and point-of-care technologies
[44-49]. We designed and implemented novel micro-
fluidic chips, and also tested previously implemented
plant-chip platforms [29], toward validating the utility
of ready-to-use packaging to overcome common imple-
mentation barriers for environmental science research
and for new users of microfluidics. We believe that this
approach is applicable for a variety of different platform
architectures and a wide range of biological studies. The
result of our fabrication process is a sterile, ready-to-use
microfluidic system that can be implemented anywhere.
We demonstrate initial results from international collab-
orations focusing on the biology of filamentous fungi and
include other applications for branching samples such as
plants and neurons. In these biological systems, micro-
fluidics enable real-time visualization and quantification
of fungi, plants and multispecies interactions.

Methods

Methods for the fabrication and assembly of microfluid-
ics are detailed in Additional file 1. Figure 1 summarizes
the fabrication and assembly process used to prepare
‘ready-to-use microfluidics’

Vacuum packaging

Fully assembled microfluidic channels on glass slides, or
in glass-bottom dishes, were first equilibrated under vac-
uum (90 kPa, 30 min) in a sealed glass desiccator. Then,
channel assemblies were immediately removed from the
vacuum chamber and transferred to thermal-sealable
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pouches and immediately vacuum-sealed (82 kPa, Food
Saver model #V3240) for transport and until the time of
use. To determine the ‘best if used by date, 35 microflu-
idic channel samples were vacuum packed and marked
with the test date. To measure the time for the microflu-
idics to fill, channels were removed from vacuum-sealed
pouches and loaded with water containing food color
dye; the time from dye addition to channel fill was docu-
mented and plotted (Fig. 2).

Microfluidic design and operation

Spoke-wheel microfluidics This novel chip architecture
(new and not previously published) consists of a central
circular chamber (8 mm) with the roof supported by pil-
lars (n=118 dia. =100 pm). Sixteen primary radiating
channels (/=1.5 mm, w=500 um) emanate from the cen-
tral chamber to terminate at a primary concentric chan-
nel (r=6 mm, w=500 pm). Secondary radial channels
(n=123, dia.=4 mm) connect the primary and second-
ary concentric channels. The depth of the entire channel
system is different for fungal cultures (4#=11 pm) and
neuronal cultures (#=50 pum).

Two ports at the ends of the peripheral channel permit
fluidic exchange. The middle ‘accessory’ port between the
center well and the peripheral ports allows for efficient
priming of the microfluidic space; for bacterial-fungal
interaction studies, this port is for loading agar into the
central chamber. For bacterial-fungal interactions, the
center well is used for inoculating fungi, the primary
concentric channel is used for observing bacterial-fungal
interactions, and the peripheral channel is used for inoc-
ulating bacteria. For neuronal cultures, the center well
is used for the introduction of dissociated neurons, the
peripheral channel ports are used for media exchange.

Fabricate |:> Sterilize |:> Package
I N 4 N
e Create silicon master e UV treat top ¢ Hold (30 min)
e Replicate PDMS and bottom of under vacuum in
channels and trim microfluidics desiccator (90kPa)
e Open access ports (3 min / side) e Immediately
* Plasma treat PDMS LR transfer to
dish or on vacuum packaging
* Anneal PDMS to glass microscope
. system
(65-70°C, 20 min) slide
¢ Vacuum-seal
\ 2N J \ J

Fig. 1 An overview of the fabrication and assembly protocol for creating ready-to-use microfluidics. Standard photolithography is used to
create microfluidic masters, conventional replicate molding with PDMS is used to produce microfluidic structures that are annealed to glass
slides or coverslips. UV light exposure or autoclaving processes are used to sterilize the microfluidic platforms. Equilibration under vacuum is the
conditioning step that immediately precedes vacuum packaging to produce a ready-to-use microfluidic platform
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Fig. 2 Sterile pre-packaged ready-to-use microfluidics. a Design of the
spoke-wheel device used for characterizing the vacuum-packaging
and use process, and for quantifying the ‘best if used by date!b

Spoke wheel microfluidic chamber with integrated PDMS tubing in a
glass-bottom dish, vacuum-equilibrated (20 min), then vacuum-sealed
for storage, transport, or direct use. ¢ Autoclaved microscope slide
with spoke-wheel microfluidic culture chamber in a vacuum-sealed
pouch. d The spoke wheel microfluidic device in a coverslip-bottom
dish filled with water containing green food-dye. e Vacuum packaged
microfluidics on microscope slides or in coverslip-bottom dishes
maintain ability to fill (< 2 weeks) within 13 min

“ORNL” chambers This novel architecture (new and
not previously published) provides two parallel bound-
ary channels that connect two separate ports. Paral-
lel boundary channels are connected through a grid of
microfluidic channels (w=15 pm, #=17 pm). Within the
grid between the boundary channels are four chambers
formed of the letters “ORNL” Pitch of the 15-um channel
grid is ~ 500 pm for the smaller array. This design enables
fungal growth in chambers for hyphal isolation and bac-
terial fungal interaction studies.

Root chip microfluidic This microfluidic architecture
was previously designed for Arabidopsis seed germina-
tion and growth rate measures, and has been published
for root-bacteria interaction studies [29, 50]. Here, this
device is used to demonstrate that prior art, such as the
seed-in-chip system, can be incorporated into this fab-
rication process for decreasing barriers to implement-
ing microfluidics in collaborations. Channel dimensions
include a central channel (4 mm /, 200 pm w, 200 pm h)
guides the primary root shaft down a larger (20 pm tall,
1 pL) rectangular chamber for bathing the growing root
hairs. The PDMS microfluidic chip was exposed to air
plasma prior to conformal contact and thermal anneal-
ing (70 °C). The channel-on-slide structures were cleaned
by autoclave sterilization prior to vacuum-packaging of
Arabidopsis seeds.

Cell cultures

Protocols for preparations and cell cultures of eukaryotic
and prokaryotic cells (fungi, plant, bacteria, and neuronal
cultures) are modified from prior reports and detailed in
supplementary information [51-64].

Results

The fabrication and assembly of PDMS-based microflu-
idics for fungi, roots, and neurons was achieved through
conventional photolithographic processes yielding



Millet et al. Fungal Biol Biotechnol (2019) 6:1

PDMS-channels on microscope slides or coverslip-bot-
tomed dishes. UV-treatment (for glass-bottomed dishes),
or autoclave sterilization (microscope slides), produces a
sterile microfluidic platform that is amenable for cell cul-
ture studies (Fig. 1). Figure 2a—d shows that microfluidics
on glass-bottomed dishes (with or without lids) or micro-
scope slides can be vacuum sealed in plastic pouches for
shipping, and later, fluidic priming. Low viscosity solu-
tions (e.g. culture media or water) completely fill the
entire channel network within minutes after removing
the PDMS spoke-wheel microfluidics from the vacuum
chamber. Figure 2e shows that vacuum-packaged micro-
fluidics continue to fill with culture media toward com-
pletion, if used within 14 days of the vacuum sealing date.

Prior to distributing vacuum-packed microfluidics
to collaborators, we characterized the feasibility of our
spoke-wheel microfluidic design to permit the observa-
tion of bacterial-fungal interactions for high resolution
imaging studies. Figure 3a, b shows a spoke-wheel micro-
fluidic architecture that promotes fungal-bacterial inter-
action studies in microfluidics. The agar-filled central
chamber promotes fungal growth while stabilizing the
fungal inoculum during culture and shipping (Fig. 3b).
The peripheral concentric channel enables the introduc-
tion of bacteria at the periphery of the microenviron-
ment. Center to edge, the radiating channels maintain a
similar culture space and volume in the channels while
providing increasingly narrow passages for the naviga-
tion of the fungal hyphae. The central chamber (without
the culture well) has a volume of 0.04 pL, the 16 primary
radiating channels (large channels) with the primary
concentric channel retains 0.03 pL, and the sum of the
63 spokes (small channels) is 0.04 pL. Figure 3c shows
a summary of the number of hyphae that colonize the
intersection of the spoke-wheel of the platform following
2 weeks in culture. In Fig. 3¢, an asterisk and hash symbol
in the inset and data bar demarcate the corresponding
values for regions of the device quantified as entering and
exciting the large microfluidic channel prior to entering
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the small microfluidic spoke channel. Figure 3d, e is an
example of hyphae in the large microfluidic channel, on
average two hyphae occupy the intersection of the pri-
mary concentric circle and the hyphal spoke to permit
a low-density of hyphae for resolving bacteria-fungal
interactions. As the fungal cultures continue to grow and
mature, the fungal hyphae reproducibly fill the device.

After 3 days of co-culturing bacteria in the microflu-
idic environment, individual hyphae and bacterial colo-
nizations can be observed in the 15 um-wide radiating
(spoke) channel (Additional file 2: Figure S1). After
4 weeks in culture, fungal hyphae navigate the entire
fluidic architecture with bacteria to intersect in open
places and align in confined spaces. Probiotic biofilms of
the mutualistic Pseudomonas fluorescens GM41 become
established on the surface of Laccaria bicolor hyphae [65,
66]. We observed that L. bicolor hyphae show preference
for the PDMS surface over the glass surface (Fig. 3f(i—
ii)), which is softer and more gas permeable. The bacte-
rial colonies form at either glass or PDMS interfaces, but
colony prevalence is substantially reduced at the glass-
fluid interface (Fig. 3(i)) as compared to the PDMS-fluid
interface (Fig. 3f(ii)). Through collaboration, high-resolu-
tion images of fluorescent P. fluorescens BBc6 coloniza-
tion of fungal hyphae were observed (Fig. 3g).

In minimal media, P fluorescens GM41 cells navigate
along the surface of Laccaria bicolor S238N hyphae
in vitro prior to colonization on or adjacent to the hyphae
(Additional file 3: Figure S2). A standard deviation image
of a an image stack (25 frames) from a time-lapse image
series (6 s) shows a range of densities of bacteria (white
borders on fungi against a black background) mov-
ing along Laccaria hyphae (Additional file 3: Figure S2).
Kymographs (line traces over time displayed in a two-
dimension image) clarify the range of densities for which
bacterial transport occurs on adjacent segments of the
hypha (Additional file 3: Figure S2). But the biological
question remains to be answered exactly how bacteria
select colonization sites on fungal hyphae. While fungal

(See figure on next page.)

magenta; PSD-95, green)

Fig. 3 Microfluidics for bacterial-fungal interaction studies. a The spoke-wheel microfluidic design incorporates ports for separate, spatially-defined
inoculations of fungi and bacteria. b Shown are green dye-filled channels (loaded with vacuum-assisted filling) in a glass-bottomed dish. An agar
plug fills the center of the chamber introduced through the center culture well and aspirated through the agar exchange port. The agar plug

holds the fungal inoculum in place and minimizes dehydration during growth. For scale, the open glass surface (between black arrows) is 30 mm.

¢ Average number of hyphae per primary and secondary radiating channels from a single dish (15 DIV). The inset image shows channel locations
that correspond to the graphed data. d, e Bacterial-fungal interactions are conveniently established and imaged with microfluidic systems. Image
d and inset e of Pseudomonas fluorescens GM41 navigating the Laccaria bicolor fungal highway within a microfluidic chamber (3 DIV bacteria
co-culture). f(i, i) P fluorescens GM41 bacterial communities accumulate where fungi contact the glass (i) or PDMS (ii) surface, preferentially forming
at the PDMS-hyphae surface d over the glass-hyphae interface (30 DIV co-culture). g In the same device architecture, Pseudomonas fluorescens BBc6
biofilm-like accumulation on ectomycorrhizal fungi (L. bicolor S238N) 16 h after bacterial inoculation. h Vacuum-packed spoke-wheel microfluidics
are permissive for even the most sensitive cell cultures, neurons. Here, neurons (DIV 4) were transfected for molecular imaging studies (VAMP2,
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highway and bacterial-fungal interactions can be imaged  enabling confinement over long culture periods to image
outside of microfluidics, these microsystems make the and map bacterial motility and colonization on hyphal
process more convenient by preventing drying and  outgrowths.
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Fig. 4 Root-chip microfluidic channel for packaging, storing,
culturing, and imaging Arabidopsis roots. a The chip design contains
a single root culture channel and accessory ports for sampling and
delivery of media and microbes. b A vacuum-packaged microfluidic
root-chip shown with the same orientation. ¢ Arabidopsis root
growing in the central microfluidic channel with marks for measuring
growth. d Growth data for vacuum-packed and control seeds. The
packaging process does not attenuate growth conditions of stored

roots (< 14 days at room temperature)

With this vacuum packaging process being amenable
for coverslip-bottomed dishes, with or without lids, we
prepared 22 dishes capped with lids in vacuum-sealed
pouches. Nineteen dishes were shipped to collabora-
tors for culturing cortical neurons for transfection and
molecular imaging of neuronal connections; three dishes
were retained in-house. Of the 22 coverslip-bottomed
dishes, three coverslips buckled due to the vacuum pres-
sure and pouch pressing on the back of the fragile cover-
slip window. Placing the glass-bottomed dish within the
lid of a 50 mm Petri dish stabilized the glass and solved
the issue of the collapsing cover glass. With vacuum-
packaged microfluidics, collaborators that are new to
microfluidics were able to achieve neuronal cultures in
challenging culture volumes and microfluidic dimen-
sions (Fig. 3h).

Figure 4a—d shows seed germination results for Arabi-
dopsis thaliana seeds cultivated in a root-chip system.
In prior work, this system supported bacterial-plant
interaction studies; here, we vacuum packed A. thali-
ana seeds in the system to determine if the packag-
ing process negatively influenced the seed germination
process. After 7 (n=3) and 14 (n=7) days of storage in
the vacuum packaging (kept in the dark), 100% of the
seeds germinated within 3 days of opening the package
and filling the chamber with Murashige-Skoog medium
(Fig. 4d). Of these germinated seedlings, all of the roots
from the 7-day storage and two of the roots from the
14-day storage test grew into the large microfluidic chan-
nel. By the second and third days in vitro, the growth
rate of the roots for the vacuum-stored seedlings in the
channel were not significantly different from the growth
rate of non-vacuumed control (n=3) seedlings (Fig. 4d),
although initial growth rates at day 1 were significantly
different (p =0.0227), unpaired ¢ test, p <0.05.

To improve access to microfluidics for fungal-bacterial
interaction studies by microbiologists, we developed a
universal chamber-grid architecture amenable for cul-
turing fungi, bacteria, or bacterial-fungal co-cultures.
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Fig. 5 Ready-to-use microfluidics for studying the biology of branched structures. a Schematic design of a four-chamber (O R N L) microfluidic
architecture with two end-wells for cultures (6 mm circles). The interconnecting channel grid dimensions are shown, 15 um wide channels spaced
by 500 um gap. Boundary channels framing the four chambers and grid are 500 um wide. b A sterile vacuum-packaged microfluidic chip ready
for shipment, and ready to use. ¢ An ORNL microfluidic chip with green dye in channels. d Map showing distribution of 28 ready-to-use ORNL
chambers to 18 potential collaborators for fungal and other branched biology research (United States: Michigan, New York, North Carolina, and
California. Europe: France, Germany, Netherlands, Denmark, Hungary, Sweden, and Switzerland0. e-h Results from implementing ready-to-use

Bactefrium t
<« Hyphae ——

microfluidics in collaborative labs. e Rapidly growing M. elongata AG77 navigates the peripheral channels to fill the ORNL chambers of the device. f
Microfluidic co-culture of Neurospora crassa and Pseudomonas fluorescens in microfluidic cultures (bacteria 1 um, hypha 3 um). g Merged image of
bright field and fluorescence image of Paraburkholderia caribensis and M. elongata. h Nicotiana attenuata root grown in the presence of endophytic

fungi, M. elongata NVP64+ ; fungal hypha and chlamydospores are observed within the plant root

We vacuum-packed sterile PDMS-based microfluid-
ics for distribution to potential collaborators through a
workshop on bacterial-fungal interactions. The ORNL
microfluidic system is designed to contain two outer
boundary channels and four central chambers in the for-
mation of letters, “ORNL” (Fig. 5a). Upon removal of the
microfluidic chamber from the vacuum-sealed pouch,
the channel array is primed by adding fluid to all ports

of the microfluidic channel system (Fig. 5b, c). 28 sample
chambers were distributed to 18 fungal biologists within
the United States (Michigan, New York, North Carolina)
and throughout Europe (France, Germany, Netherlands,
Denmark, Hungary, Sweden, and Switzerland) (Fig. 5d).
Of the responses, at least 13 samples from 9 collabora-
tors yielded 6 successful cultures. Figure 5e—h demon-
strates a sample of the range of results achieved from
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successful cultures in microfluidics primed after removal
from the vacuum package. Of the 7 unsuccessful reports,
three samples only partially filled, and three containers
reportedly lost vacuum by handling, and one sample was
neglected until long after the ‘best use by date’ A discus-
sion on the contributing factors competing with com-
plete successful deployment is contained in the following
discussion section.

Successful  implementation of  ORNL-chamber
microfluidics to visualize fungal-bacterial and fungal-
plant interactions was achieved through collaborative
exchanges (Fig. 5f-h). Bacterial-fungal interactions can
occur between Neurospora crassa and P. fluorescens In5
(Fig. 5f). The bacterium was isolated from Greenlandic
soil which is naturally suppressive to plant infections by
fungal pathogens [51]. Since some antagonistic bacte-
ria are known to attach to fungal hyphae and parasitize
the fungus without penetrating the hyphae [53] it was of
interest to investigate if the In5 isolate attach to fungi.
Neurospora crassa was selected for growth in the cham-
ber for its fast growth and wide hyphae. As can be seen
in Fig. 5f the bacteria may attach to, or highly associate
with, the fungus. Further studies are warranted to deter-
mine if N. crassa forms microcolonies along the growing
hypha.

With chambers and boundary channels available for
high-resolution imaging, the ORNL microfluidic devices
were used to visualize fine-scale interactions between a
plant growth promoting bacterium Paraburkholderia
caribensis and Mortierella elongata NVP64+, a fungus
that naturally hosts endobacteria belonging to Burk-
holderiaceae. We were specifically interested in whether
Paraburkholderia caribensis is able to enter the mycelium
of M. elongata. A co-culture of M. elongata and a GFP-
transformed strain of P caribensis were initiated in an
ORNL chamber, each inoculated in their own port. For
this microbial pair we did not see a strong interaction
between partners, under these conditions at 10 days in
culture; however, a number of fluorescent cells character-
ized by single long sinuous shape were observed (Fig. 5g)
when co-cultured with M. elongata, in addition to the
typical bacilli and diplobacilli morphologies prevalent
with this bacterium. This was repeated and confirmed by
fluorescence microscopy. This morphology of P. cariben-
sis has not been observed previously, and it is not known
what triggers this morphological switch in the bacterium.

To begin probing mechanisms of endophytic growth
in M. elongata, we introduced germinated Nicotiana
attenuata seeds into one end of the microfluidic wells
of ORNL vacuum-packed microfluidics. The other of
the two ports was inoculated with M. elongata NVP64.
Within 1 week of growth we observed fungal hypha and
chlamydospores, or vesicle-like structures, of M. elongata
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within the plant roots (Fig. 5h). Fungal growth within the
root hairs was not observed in this sample suggesting
that M. elongata may enter roots through epidermal cells.

To better visualize and quantify the rate of cytoplas-
mic streaming in M. elongata NVP64+, we used ORNL
microfluidic devices. Reverse cytoplasmic streaming was
observed in M. elongata NVP64+ using these microflu-
idic chambers, with cellular vesicles and contents mov-
ing in opposite directions (Additional file 4: Figure S3).
Consistent with prior reports for cytoplasmic streaming
in fungi [67, 68], clear cytoplasmic paths containing rela-
tively fast velocity streaming and slow velocity streaming
were observed, as evidenced by the black streaks running
in straight diagonal and curved lines (Additional file 4:
Figure S3).

Discussion

In this work we sought to overcome the common frustra-
tions present with adopting microfluidic technology that
limits the successful incorporation of microfluidics into
traditional biology. The highlight of this work extends
beyond a mere description of our approach to improving
the accessibility to microfluidics, but also includes results
from successful tests of microfluidics from collaborative
works. First, we briefly discuss our approach to overcome
these barriers including helpful tips for new users of
microfluidics. In the remaining discussion we delineate
the benefits and implications of ready-to-use microfluid-
ics. We also highlight the examples and illuminate future
directions of research possibilities that can be realized by
microfluidics made easier.

Barriers to microfluidics in biology

Barriers to implementing microfluidics in science and
research settings span a range of categories, from oper-
ational barriers (protocols and the degree of subject-
matter or device sophistication) to technical barriers
(facilities and equipment) to individual barriers (experi-
ence and access to collaborators). We introduce a process
that aids in removing technical and operational barriers
through our design and packaging process. Neverthe-
less, individual experience and repetition is still required
to maximize the use of microfluidic systems in biological
science.

Fluidic priming is a common operational barrier to
implementing microfluidics. The process of loading
the microfluidic channel with fluid without introduc-
ing bubbles is a common hurdle in the implementation
of microfluidics in biological labs. Filling the channels
with fluid while eliminating bubbles may seem to be a
trivial problem to one trained in the field, but it can be
a tremendous barrier to entry for the microfluidic nov-
ice. Other technical barriers such as available equipment
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and facilities (for example, house vacuum) can put new
collaborators, beginning to work with microfluidics, at
a significant disadvantage or discourage collaboration.
Syringe pumps are not typically available within bio-
logical labs; therefore, other means must be employed
to prime the channels with fluid, or significant time and
finances are a needed to invest in new pumping systems.
A reliable alternative to priming microfluidics without
syringe or pneumatic pumps is to equilibrate the PDMS
channels in a vacuum chamber, or desiccator, then upon
releasing the vacuum, immediately supply fluid to the
channels (e.g. water, cell culture media, food color dye,
oil, solvents) [54, 69]. As the PDMS equilibrates with
the local atmosphere, the material efficiently absorbs the
air from the channels and is displaced by fluid from the
fluid-filled ports. However, even for this simple approach,
much time is spent solving this limitation on a lab-to-lab
basis—regardless of distance between labs—due to the
lack of vacuum supplies and equipment, and the variabil-
ity in vacuum quality. House vacuum supplies, if available
for degassing PDMS, are typically low vacuum (~ 70 kPa)
and require long vacuum equilibration times to achieve
enough drawing capacity to completely fill the chan-
nels with fluid. Vacuum pumps (>80 kPa) may be avail-
able or can be purchased; however expensive equipment
investments are typically unwarranted until the feasibility
and promise of the microfluidic technologies have been
established for collaborative investigators.

The design and architecture of a microfluidic system
can potentially be a barrier to this enabling technology.
While a detailed discussion on effective architectural ele-
ments for easily implementing microfluidic platforms is
beyond the scope of this work, it should be noted that
depending on the volume of the microfluidic architec-
ture, house vacuum may be vastly insufficient in pro-
viding enough drawing capacity to completely prime
microfluidic channels with fluid. As an alternative, inert
gasses can be connected through specialized connections
to push the fluid into the channels to displace bubbles
through the material, here again, specialized supplies are
needed.

To overcome common technical barriers that hinder
new microfluidics experimentation, we sought to simplify
the fluidic priming process by using a common vacuum-
based approach that fills-on-demand. This inexpensive
and commercially available packaging process allows for
the retention of a vacuum potential within PDMS-based
microfluidics for up to 2 weeks when stored under vac-
uum, thus preserving the ability to prime the microflu-
idics when returning the PDMS material to atmospheric
conditions (Fig. 2). We also eliminated the need for the
end-user to determine and incorporate sanitization pro-
cesses for an unfamiliar technology; we pre-cleaned the
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microfluidics and included sanitization into the assem-
bly, vacuum, and packaging process. We increased the
accessibility to microfluidics by demonstrating a process
that decreases the cost-of-investment and minimizes the
steep learning curve. We disseminated microfluidics to
potential collaborators for testing and use. Through our
simple, inexpensive, effective, and easy-to-use process,
academic labs can deliver a valuable microfluidic product
for biologists to use for resolving the spatial and temporal
dynamics of biological interactions (e.g. bacterial-fungal,
bacterial-plant, and fungal-plant interactions).

Benefits and implications

Microfluidics are ideally suited to benefit studies of
branched biological systems and mixed community
interactions, for they enable physically and chemically
controlled microenvironments. In nature, branched
structures are capable of extending into multiple spatial
domains for resource exploitation (plants and fungi),
signal transduction and integration (neurons and fungi),
mechanical support (plants and fungi), mass transport
(plants, fungi, neurons), and cellular/organismal adapta-
tion and regulation [55, 56].

The robust and inert construction of microfluidics ena-
bles pre-priming, filling, and shipping of hydrated micro-
fluidics, with or without cultures. Preconditioning of
microfluidics may be useful for initiating cultures prior to
shipment, or in collecting and preserving field samples.

Incorporating agar plugs (Fig. 3b) into microfluid-
ics substantially delays drying and provides an anchor
for fungal cultures. Additionally, agar can be poured
around the periphery of the microfluidics within the
dish to aid in hydrating the PDMS and moistening the
chamber for long-term growth and observation with-
out fluid spillage and shearing cells.

With our approach, potential users need only open
and fill the microfluidic platform to prepare samples
for high-resolution imaging and can forego learning
the device fabrication, assembly, sanitizing, and other
preparation processes. For example, we tested our vac-
uum preconditioning process before deploying to col-
laborators, we packaged and germinated Arabidopsis
seeds on chip. The channels filled with fluid, the major-
ity of seeds germinated down the channel, and the cul-
tures remained sterile, all without an overall impact to
the root length. From these tests, we learned that the
ability to vacuum seal and viably store seeds in a micro-
fluidic platform has the potential to greatly enhance
collaborations within and across disciplines. The low
cost and portability of the Food Saver system also
allows for field researchers to sow collected seeds or
spores directly into a microfluidic platform and vacuum
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package for later use, thus preserving the seed with
native microbes.

The process of preparing inoculated cultures in micro-
fluidics saves time and eliminates initial barriers to imple-
menting microfluidics. For example, Laccaria bicolor is
a slow growing fungus and the culture can begin to be
established before or during shipment. To confront this
challenge, we prepared microfluidics on glass-bottomed
dishes, then primed with culture media and agar, inocu-
lated the central compartment with Laccaria fungi prior
to sealing the dishes and shipping the samples to col-
laborators for bacterial inoculation and observation of
bacterial-fungal interactions. After sustained develop-
ment of Laccaria in the microfluidics during shipment
and extended culture, transgenic bacteria were intro-
duced and documented with microscopy (Fig. 3g). Bio-
films formed on both bacterial-fungal co-cultures within
1 month and improve access to imaging bacterial-fungal
interactions. While beneficial for some samples, this pro-
cess is not suitable for all experimental conditions, cells,
or organisms. Indeed, most biological samples cannot be
maintained so easily during transport, (mammalian cells
for example); therefore, a more ready-to-use approach
is needed to expedite collaborative exchanges by over-
coming initial barriers to implementing microfluidics in
biology.

As an alternative to preparing cultures for transport,
we propose a ready-to-use approach where micro-
fluidics can be preconditioned dry, with vacuum, or
hydrated and conditioned with agar to prevent drying
and to provide an immediate-use product for the recip-
ient to inoculate.

Deployment of vacuum-packed microfluidics

After characterizing the ‘ready-to-use microfluidics,
we prepared spoke-wheel microfluidics and character-
ized the filling time as a function of post-packaging stor-
age time. From these samples, we determined a 2-week
window for a ‘best-use by’ date. To deploy ready-to-use-
microfluidics with this preparation process, we fabricated
an “ORNL” microfluidic architecture for testing and
use by potential domestic and international collabora-
tors. From our experience, the best process for loading
chambers and successful culture is to initiate microflu-
idic priming within a 2-day shipping window. Longer
shipments or travel may increase the time to fill, or rate
of failure for this microfluidic preparation. One pos-
sible explanation for increased fill times or incomplete
filling after 2 weeks in vacuum storage includes han-
dling-induced loss of vacuum to the packaged system.
Another possible explanation includes, age- and environ-
mental-related (temperature) aging or stiffening of the
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elastomeric material. For example, twenty-eight sample
chambers were deployed in response to interests com-
municated at a bacterial-fungal interactions workshop.
Factors influencing the rate of successfully obtained cul-
tures include, travel time, sample handling and storage
during transit, and the learning curve for handling and
filling microfluidics. Notwithstanding these possible limi-
tations, some users reported that the devices were sim-
ple and easy to use, while others needed more replicates
to successfully implement microfluidics in their experi-
mental system. In this regard, we cannot overlook the
procedural requirements of the biological system being
integrated into the microfluidic chip. Culturing cells at
room temperature without specialized gaseous environ-
mental culture conditions (e.g. fungal cultures) may be
easier and more forgiving, thus providing a higher appar-
ent ‘success rate’ than trying to implement microfluidics
with a biological protocol were time, temperature, and
gas concentrations are all critical (e.g. anaerobic cultures
and mammalian cell cultures). By extension, learning to
use microfluidics in a biological safety cabinet is more
challenging than working with them on a benchtop.
Overall, we were pleased with the ability of this packag-
ing processes to accelerate collaborative research and to
quickly achieve productive results. It is our goal that this
vacuum-packing process can be adopted and decrease
the barriers to implementing microfluidics by providing a
process to get microfluidics in-hand to end-users for test-
ing and implementing in biological science.

Focus areas and future directions

Future research on fungal-bacterial interactions with
bacteria could include fluorescent vitality stains for
assessing fungi and bacteria, the use of fluorescence
reporters for monitoring gene expression activity in
microbes, or the use of chamber doors for sampling
cells, nucleotides or metabolites from interacting tis-
sues. Of special interest would be to investigate (1)
if the architecture of the chamber can influence the
outcome of a biological interaction related to previ-
ous studies, (2) how bacteria and fungi enter and grow
within plant roots, (3) how environmental condi-
tions influence cytoplasmic flow of cellular contents,
or the colonization and community structure of the
rhizosphere.

Microfluidic platforms have proven to be indispen-
sable tools for probing processes of cellular function,
organismal behavior, and environmental interactions.
While biomedical disciplines have greatly benefited
from the discoveries enabled by microfluidics [22], bot-
any and mycology are ripe for microfluidic-enabled dis-
coveries and solutions. Focus areas include, but are not
limited to, hyphal chemotropism, fungal pathogenecity,
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tripartite interactions of the rhizosphere. More spe-
cifically, bacterial-fungal interaction studies are also in
their infancy, as evidenced by much higher resolution
studies [70-72]. While microfluidics offer the opportu-
nity to engineer microcosms for probing the physical,
chemical and biologicals aspects of multispecies inter-
actions, these devices are convenient (but not required)
for such imaging studies in general. Plant-fungal mutu-
alism studies offer ample promise, and plant-bacteria
interactions are valuable as well in medicine as for bio-
energy, food crop production, and purifying natural
resources [57-60].

Prior to deploying vacuum-equilibrated microfluid-
ics for studying the biology of branching structures,
we developed an architecture that enables low-density,
high resolution access to branched hyphae for fungal-
bacterial interaction studies. Spoke-wheel microfluidics
for ectomycorrhizal bacterial-fungal interactions were
tested in-house before shipping to international col-
leagues for implementation (Fig. 3). The purpose of our
microfluidic design was to restrict the hyphal growth
region to a large fluidic area while maintaining a low
microchannel ceiling (11 pm) that confines the biologi-
cal observations to a stationary fluidic microenviron-
ment for imaging. This work demonstrates the ability to
accelerate studies of defined microcosms within micro-
fluidic platforms by incorporating fabrication and steri-
lization processes into the packing process for shipping
and sharing.

Conclusions
We have characterized and deployed an affordable,
readily available, and inexpensive process that solves
the priming challenge, for new collaborators, by stor-
ing sterile dry vacuum-equilibrated microfluidics in a
vacuum-sealed pouch for easy fluid priming, anytime,
anywhere. This preparation and packaging process
allow the end user to achieve fluid-primed microfluid-
ics without the need for pumping systems. The need for
fluidic priming at the fabrication source is eliminated,
the shipment of fluids is avoided, and the ease of prim-
ing microfluidics is achieved. This process requires
the fabrication source to have access to equipment for
sterilizing (UV, plasma, autoclave), generating relatively
high vacuum (<81 kPa), and maintaining sterility dur-
ing the packaging process (biosafety cabinet). The end
user specifies and supplies the fluids, thereby alleviat-
ing the supplier from the need to fluid-match recipes,
requirements (pH), or conditions (prevent fluid aging
or contamination).

We present a process that accelerates the adoption of
microfluidics in labs lacking experience with the tech-
nique. The adaptation of challenging microtechnological
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methods across discipline boundaries can further accel-
erate the development and implementation of defined
microcosms and engineered niches to better resolve fun-
gal, bacterial, and plant interactions. By extension, micro-
fluidics could also allow for the extraction or injection of
biological contents for biochemical analyses and genome
regulation studies, respectively. Breaking down scientific
barriers through technological simplifications enables
studies that have the power to move science forward
toward resolving mechanisms of complex and pressing
biological problems (e.g. microbial symbiosis or patho-
gen-host interactions) [14].
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