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Neutrophils are the first white blood cells to respond to microbes
and to limit their invasion of the body. However, the growth of the
microbes into colonies often challenges the neutrophils ability to
contain them. To study the interactions between neutrophils and
microbial colonies, we designed an assay for arranging microbes
in clusters of controlled size (i.e. living colloids). The patterned
microbes in the living colloid are mechanically trapped inside the
wells and fully accessible to neutrophils. Using the assay, we
studied the interactions between human neutrophils and Candida
albicans and Staphylococcus aureus, two common human
pathogens. We also probed the susceptibility of C. albicans
colloids to caspofungin, a common antifungal drug.

The study of microorganisms and interactions with the
immune system has long been centered on pure populations
in a planktonic state. While these studies have generated a
wealth of knowledge, it is now appreciated that microbes are
rarely found in isolation. Instead, most often they live in
complex communities on and inside the body."™ The
composition, interactions, and evolution over time of the
microbial communities is of clinical importance.*** Despite
advances in wunderstanding microbial communities in
infections, much is still unknown. Studying microbial
communities’ behaviour and interactions with the host in a
rapid, high throughput manner would be highly beneficial.
However, such studies have been challenging to pursue, due
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in part to a lack of adequate tools. “Patterning” of
microorganisms, where one controls the spatial arrangement
of microbes, has emerged as a promising technique to study
microbial populations. For example, one of the promising
approaches is the positioning of microorganisms in single
layers on adherent surfaces."*'” Applications include the
diagnostics,'® antibiotic susceptibility testing,'*' genotoxic
monitoring,** high-throughput screening,**>* and environ-
mental monitoring.>® They are also useful in fundamental
studies of biological phenomena, including host-pathogen in-
teractions,”® horizontal gene transfer,”” quorum sensing>®?°
and biofilm assembly.?*?

Passive settlement in micro-well arrays can also achieve
large-scale cell patterning of cells at pre-defined locations.**
However, this method is not suitable for patterning microor-
ganisms because their small size (1-10 um) results in long as-
sembly time. Micro-well-based techniques have several advan-
tages including control of geometric features, scalability,
versatility, and precision. Several groups have therefore tried
to overcome the low throughput of passive settlement by
using centrifugal,”>*® surface tension,* and hydrodynamic
forces.**® However, most approaches®***** are focused on
single cell arrays. The ability to generate densely-filled micro-
organism patterns, which could be useful for the study of
microbe communities, was not systematically explored. Both
single-cell and densely-filled pattern were generated by sur-
face tension-based cell docking.** However, the procedure
takes 10-20 minutes, during which the small volume of solu-
tion in wells can dry, damaging the microbes.

It is desired to pattern microorganisms at a precise loca-
tion in large-scale arrays with an ability to fine-tune the ge-
ometry of the patterns. The technique should also be versa-
tile and adequate for patterning a variety of microorganisms.
Achieving high-throughput with a short processing time is
key for handling fast growing, live microbes. Unfortunately,
all existing systems have limited control over the microorgan-
isms in the array, while pre-patterned chemical layers can
cause physiological changes in microorganisms. Thus, there
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is a need for appropriate materials for each specific microor-
ganism. Direct printing of microorganisms (ie. an inkjet
method) is a method that can directly pattern microbes with-
out the need for chemical layers but it is limited to microbes
that adhere directly to the glass and its resolution is limited
to ~100 um.*’

Here, we demonstrate the use of porous micro-well arrays
to generate large-scale living colloid arrays. A hydrodynamic
force is driving the microorganisms inside patterns and en-
ables the arrangement of fungi and bacteria with high preci-
sion in large scale arrays. Furthermore, the assembly tem-
plate provides the ability to control the geometry of each
microorganism cluster. With our platform, we patterned liv-
ing fungi and bacteria. We explored the utility of these pat-
terns as an in vitro testing system, conducting antibiotic
susceptibility testing and interrogating host-pathogen inter-
actions using fluorescence microscopy. We observed dose-
dependent fungicidal activity in our system when testing the
echinocandin caspofungin on C. albicans. During incubation
with human cells, we observed and tracked directed neutro-
phil migration towards our microbial targets. We also
analysed the supernatants and were able to detect numerous
chemokines and cytokines relevant to inflammation.

Fabrication
Porous PET membrane

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
L

PDMS

==

Curable Materials
(NOA)

e
.IIIIIIIIIIIIII |

View Article Online

Lab on a Chip

We fabricated porous micro-wells on top of a polyethylene
terephthalate (PET) membrane by a vacuum-assisted molding
method inspired by a previous study®® (Fig. 1, left. See the
detail in the ESIt). Compared to the microstamping,*®
vacuum-assisted molding method provides higher resolution
of patterning and more precise control in height. We fine-
tuned the geometry and the spacing of micro-wells to control
the microbe patterns. This platform can be fabricated with
any photo/thermal curable materials (e.g., polydimethylsilox-
ane (PDMS)). We selected NOA 81 in this study due to the
fast curing time and biocompatibility.>® To generate pat-
terns, microorganism suspensions were dispensed on top of
this platform, and negative pressure was applied to the bot-
tom of the PET membrane. The applied pressure generates
a fluid flow through the open pores in wells, and a hydrody-
namic force associated with this flow guides the microor-
ganism into micro-wells. This hydrodynamic force fulfills
critical criteria of particle arrangement, enabling large-scale,
high-throughput patterning: it has a controllable magnitude,
converges into arrangement templates, and acts on any col-
loidal particles in the same manner regardless of their com-
position. As a result of microorganism guiding, this assem-
bly process produces wells that are densely packed with

Patterning

Fig. 1 Porous microwells for microorganism patterning in large arrays. NOA porous microwells are fabricated using vacuum-assisted molding
method (left column, shaded). Flat and patterned PDMS blocks sandwich the porous PET membrane. Photo-curable NOA is injected to the mold
using pressure difference generated by vacuum, and cured to obtain the porous microwells. To pattern microorganisms, a suspension of microor-
ganisms was added on top of fabricated microwells, and hydrodynamic force guided microorganisms to microwells. After arrangement, redundant

microorganisms were washed out to obtain patterned microorganisms.
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microorganisms (Fig. 1, middle). Unlike the previous
study,*®
with arranged objects, here we optimized the assay for
dense packing of smaller microorganisms inside large ar-
rays. The dense packing of microorganisms, combined with

where the size of microwells was closely matched

the depth of the micro-wells, shear-protect the microorgan-
isms in the subsequent washing steps. Patterned microor-
ganisms retained their position. Only redundant microor-
ganisms (i.e., ones outside wells) were removed when the
platform was washed by flowing media across the top of the
micro-wells (Fig. 1, bottom right). The patterned microor-
ganisms are mechanically trapped in microwells and thus
are fully accessible to neutrophils.

We patterned C. albicans, a clinically relevant fungus, to
validate the new assay. Invasive fungal infections are a signif-
icant problem in the clinic and are associated with unaccept-
ably high mortality rates.*® C. albicans specifically can act as
an opportunistic pathogen capable of causing both muco-
cutaneous and invasive disseminated disease, with invasive
candidiasis estimated to have mortality up to 40%.*° Here,
we generated large-scale patterning of the yeast form C.
albicans (Fig. 2a) into micro-wells (D = 28 um and H = 35 um)
which has much smaller dimension than the resolution of di-
rect printing (~100 pm). About 4000 patterns were generated
within 2 iterations of guiding and washing, where each cycle
takes approximately 30 seconds (Fig. 2b). The short process-
ing time (60 s) and the ability to fabricate large numbers of
micro-wells result in our platform's large-scale, high-
throughput performance. The driving force and shear protec-
tion ensure high patterning yield. Typically, 93.5 (+2.4)% of
micro-wells are filled. The relative standard deviation of pat-
tern size was 26.0 (+0.8)%. Demonstrating the flexibility of

Candida
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our design, we were able to scale up the platform area to 1
cm?, corresponding to 32 000 micro-wells, with this limitation
derived from the area of commercially available PET mem-
brane. We confirmed, using confocal laser scanning micros-
copy (CLSM), that microorganisms were densely packed and
filled ~60 (v/v)% of micro-well volume (Fig. 2b, Fig. S3t). The
growth of C. albicans was monitored by time-lapse imaging
(Movie S17).

The ability of our platform to rapidly arrange microbes
with large-scale, high-throughput performance enabled us to
interrogate different aspects of C. albicans biology. Typically,
techniques for fungal studies are relatively low throughput,
often using a 96 well plate format or lower for detailed imag-
ing and indirect methods (XTT/MTT reduction assay) to ex-
amine viability.*’™** Using our platform, we could also rapidly
assess the susceptibility of C. albicans to different concentra-
tions of antifungal drugs (Fig. 3a). We used a C. albicans
strain with a constitutively expressed fluorescent protein in
its cytoplasm. This fluorescence disappears following loss of
cellular integrity and fungal death, which enables us to visu-
ally monitor the viability of C. albicans.*"** Compared to an
untreated control, caspofungin (Merck & Co., Inc.) decreased
the growth rate and viability (as measured by fluorescent
intensity) of C. albicans in a dose-dependent manner, with
obvious fungicidal activity at 500 ng mL™" (Fig. 3b). When
grown alone, or in the presence of low doses of antibiotic,
patterned C. albicans remains viable inside the microwells,
grows, and forms hyphae radiating outwards from the micro-
wells (Movie S2t). The radiating hyphae are likely responsible
for the increase of the fluorescence outside the wells over
time (Fig. 3a). By providing tight control over the size and lo-
cations of microbe clusters, our platform provides important

Fig. 2 Large-scale, high-throughput arrangement of C. albicans clusters. a) A suspension of planktonic C. albicans yeast. b) Densely packed Can-
dida cells inside one porous microwell. Image is obtained using confocal microscopy. c) Large-scale Candida colloid arrays generated using porous

microwell arrays. Typically, 93.5 (£2.4)% of the wells present C. albicans.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Antifungal susceptibility testing with C. albicans and caspofungin. Patterned C. albicans are incubated with media containing different
concentrations of caspofungin. a) Representative panels from time-lapse images showing the concentration dependent inhibition of growth. b)
Plot showing C. albicans viability over the time. The fluorescent intensity indicates C. albicans viability. Error bar indicates the standard deviation of

fluorescent intensity (N = 36).

advantages over traditional antifungal susceptibility testing
like the micro-dilution, Etest, or XTT/MTT reduction assays.
For research applications, it helps to directly visualize the re-
sponses of the fungi to immune cells and antibiotics. Fur-
thermore, beyond a bulk readout of the average susceptibility
in a fungal population, our platform allows the interrogation
of any heterogeneity in fungal responses, as each microwell
could also be followed individually during the assay.

Immune responses to infection and inflammation have
been studied with in vitro and in vivo systems that interrogated
the dynamics of these processes. Although these studies have
improved our understanding of the immune response, in vivo
systems”®™*® have limited controllability of conditions and
quantification of signalling molecules. Moreover, in vivo sys-
tems are frequently limited to animal models, potentially
not identical to human.*® Various in vitro systems, which uti-
lize human leukocytes, have been tested using gradients of
cytokines,*®*°™** fungi-wall mimicking particles,”>** and liv-
ing microorganisms.>® However, these systems still lack the
precision of patterning living microorganism while allowing
for both chemotactic quantification and molecular analysis
during immune response. A key advantage of our platform is
that chemotactic and molecular quantification can be
achieved. Once C. albicans were precisely patterned, we
added isolated human neutrophils from fresh, healthy donor
blood purchased from Research Blood Components (Allston,
MA, USA). Due to the optical transparency of our platform,
we could monitor the interactions between neutrophils and
living microbial colloids by time-lapse fluorescent microscopy
(Fig. 4a, Movie S31). Our platform allowed us to precisely
track individual neutrophils during migration (Fig. 4b) and
to quantify different kinematic parameters. We found that
most neutrophils migrate towards the target during the first
eight minutes, followed by a plateau phase in which no more

Lab Chip

cells are recruited (Fig. 4c). As the target strongly attracts the
neutrophils, chemotactic index has a high value, close to 1
(see the ESIf for the calculation method). We observed that
neutrophil migration is not random, as the calculated che-
motactic index shows persistent positive values (Fig. 4d). Neg-
ative values would indicate non-chemotactic cells or cells mi-
grating towards other targets in the array.

Once the first neutrophils engage with the pattern micro-
organisms, they release a cascade of chemokines and cyto-
kines that amplify the process of immune cell recruitment,
triggering a coordinated neutrophil migration towards each
micro-well. This process is known as neutrophil swarming.
Swarming has been reported in vivo,”> but no micro-
technologies have able to reproduce this complex cellular be-
haviour in the presence of live targets in vitro. Only one re-
cent in vitro technology used patterned zymosan particles
that mimicked fungi.>® The platform presented in this manu-
script offers an advantage over previous swarming micro-
technologies, as we can easily use live microbial targets in
swarming studies. The live targets are not attached to sur-
faces and can be picked up by neutrophils, avoiding the po-
tential confounding effect of frustrated phagocytosis. More-
over, swarming studies have been wused to develop
comparative studies between healthy and diseased individ-
uals, suggesting our platform can also be applied to study
the biology of swarming during health and disease.>*

In addition to microscopic analysis, our platform facili-
tates access to secreted molecules during neutrophil microbe
interactions (Fig. 4e). The volume of fluid on top of the array
is small, enabling the rapid concentration of secreted mole-
cules. This volume can be accessed directly with a standard
pipette and collected for analysis. The array configuration as-
sures that host-pathogen interactions are replicated in iden-
tical conditions multiple times, while the large size of the

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 The study of host-pathogen interactions between C. albicans and human neutrophils using porous microwells. Human neutrophils stained
with Hoechst dye were loaded on the array and allowed to interact with C. albicans. a) Representative images from time-lapse microscopy. b-d)
Microscopic analysis of human neutrophils’ migration: Tracking result (b) and density plot of speed migration (c) and chemotactic index over the
time (d). The plots are a characteristic representation of a single C. albicans pattern during neutrophil migration. e) Analysis of neutrophil migration
at a molecular level. Supernatants were harvested following interaction between neutrophils and C. albicans arrays and analyzed by ELISA-based
assay (Proteome Profiler Human Cytokine Array Kit, R&D systems). Higher pixel density of ELISA based assay indicates the existence of higher con-

centration of cytokines (N = 3). Two different controls were used: neutrophil media and media with suspended neutrophils (not C. albicans).

array assures a substantial increase the concentration of the
secreted molecules in the supernatant. We examined the cyto-
kines following the interaction of human neutrophils and
patterned C. albicans. We identified molecules that mediate
neutrophil, monocyte and lymphocyte recruitment (TNF-a,
CCL5, CCL3, CCL4, CXCLS, IL-1a, CCL2, IL-23), neutrophil ac-
tivation (STREAM-1). We also identified several cytokines that
reduce inflammation (IL-10; IL13, IL-1ra). The levels of the cy-
tokines tested were different from the two controls analysed:
pure media; and media containing only neutrophils.

This journal is © The Royal Society of Chemistry 2018

In addition to fungi, other bacterial infections can prog-
ress into serious conditions that require treatment.>® Thus,
advances in technologies which allow us to systematically
study the bacterial infections are required to accelerate the
development of new therapeutic strategies. Our platform is
versatile and suitable for the testing of various microor-
ganisms because the driving force, a hydrodynamic force,
acts on any microorganisms in the same manner. We took
advantage of our platform's versatility and patterned three
distinct bacteria species including clinically relevant S. aureus

Lab Chip
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(Fig. S57). Also, we demonstrate the examination of interac-
tions between neutrophils and S. aureus patterns (Fig. S6 and
Movie S47).

Conclusions

Our system represents a new tool for patterning microorgan-
isms with high precision, in large-scale arrays. Various fungi
and bacteria can be patterned in porous microwells, under
the effect of hydrodynamic forces. The system can be used to
study the growth of microorganisms, the effect of antimicro-
bials, and the interactions between pathogens and immune
cells.
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